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Abstract
The main goal of this thesis research is to develop a mechanistic understanding of
radiation-induced chromium oxide and cobalt oxide nanoparticle formation in aqueous
solutions containing initially dissolved metal ions. When exposed to ionizing radiation,
water decomposes to form a range of chemically reactive radical and molecular products.
These redox agents can readily change the oxidation state of dissolved metal ions. The
solubility of a transition metal ion can vary by several orders of magnitude depending on
its oxidation state and the solution pH. Thus, reactions that can alter the oxidation state
of a dissolved ion can lead to the condensation of insoluble species and the formation of
solid particles.
The formation of Co3O4 nano-scale colloid particles by gamma irradiation of
CoSO4 solutions was investigated as a function of pH, initial CoII concentration and
radical scavenger environment.

Particle formation was observed only in aerated

solutions. Analysis of the particle formation as a function of irradiation time and
information from the scavenger studies shows that the particles evolve from Co(OH)2 to
CoOOH and then to Co3O4 with oxidation of Co2+ to Co3+ by OH being the most
important process. Transmission electron microscopy (TEM) images show that the final
particle sizes depend on the initial conditions of the solution. The formation of chromium
oxide nanoparticles by gamma radiolysis of CrVI solutions was investigated as a function
of pH, initial CrVI concentration and scavenger environment. The results show that CrVI is
easily reduced to CrIII by a homogeneous aqueous reaction with •eaq, but, due to the
stability of CrIII colloids, the growth of the Cr(OH)3 particles is very slow. However, after

ii

some time the Cr(OH)3 is converted to Cr2O3. Again for this system, the sizes of the
particles formed depend on the solution conditions.
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Chapter 1
Introduction
1.1

THESIS OBJECTIVE, METHODS and OUTLINE
The main goal of this thesis research is to develop a mechanistic understanding of

radiation-induced chromium oxide and cobalt oxide nanoparticle formation in aqueous
solutions containing initially dissolved metal ions. The application of the research is to
provide a technical basis that can be used in assessments of corrosion products and
activity transport in a nuclear reactor coolant circuit. The understanding gained through
this research can be also used to tailor the size of nanoparticles and optimize radiationinduced nanoparticle synthesis.
Nuclear power provides a large fraction of the electricity needed to meet the
energy requirements of Canada and many other industrialized countries. While there is
substantial growth in alternative sources of energy supply, nuclear energy remains one of
the few proven technologies that can supply the very large quantities of base-load
electricity needed by industrialized countries. This is particularly important in the
province of Ontario where nuclear power already supplies 50% of the electrical energy
consumed and presents a real alternative for replacement of fossil fuel electrical
generating plants that release large quantities of greenhouse gases. Sustained operation
of nuclear power plants is expected to be a part of any balanced energy supply strategy.
One of the key issues in the public acceptance of continued nuclear power
production is the safe operation of reactors over an extended lifetime. One of the major
1

issues for nuclear power plants arises from corrosion products and activity transport in
the reactor coolant circuit. Figure 1.1 shows a schematic of a CANDU reactor.

Figure 1.1: Schematic of a CANDU nuclear reactor [1].

The materials that are in contact with coolant include steel, nickel and cobalt
alloys. Corrosion of coolant circuit materials releases dissolved metal ions (such as Fe3+,
Co3+, Cr6+, etc.) into the coolant. These elements can exist either as dissolved ions or as
suspended particulates. In the circuit the reactor coolant is subjected to a high radiation
field and a temperature gradient. Since the solubility of metal species depends strongly on
temperature, the concentration of dissolved metal ions in the coolant can exceed its
solubility limit as the coolant passes through a lower temperature region. This can lead to
the precipitation or co-precipitation of these corrosion products on the walls of the
coolant circuit piping.

2

The corrosion products can also deposit on the fuel cladding or other in-core
surfaces (e.g., the pressure tubes of a CANDU reactor). In the reactor core, the corrosion
products can be neutron activated to form hazardous radionuclides, which, if re-released
into the coolant at later times, can be transported and deposit outside the biological shield
of the reactor core where they pose a radiological hazard to the reactor maintenance
workers [2]. On-line coolant purification systems (typically consisting of ion exchange
and filtration) are used to control the concentrations of dissolved ions and particles in
these systems, but the efficacy of filters depends on the sizes of the particles that are
present; they are often not effective for removing colloids (particles with sizes less than
0.1 μm).
In addition to a temperature gradient, the coolant is exposed to a high flux of
ionizing radiation. Exposed to ionizing radiation, water decomposes into a range of
oxidizing (O2, •OH, HO2•, H2O2) to reducing (•eaq, •O2, •H) species [3].

For -

radiolysis at room temperature, the primary radiolysis products (formed within ~ 100 ns
following the absorption of radiation energy) and their yields per absorbed radiation
energy at 25 oC (in brackets in units of molJ-1) are [3]:
H2O

•OH(0.26), •eaq–(0.26), •H(0.06), H2(0.045), H2O2(0.075), H+(0.26)

(1.1)

As these primary radiolysis products are produced they react with one another, water
molecules and, if present, any solutes such as corrosion products, and additional reactive




(secondary) species such as O2, •O2 and •O3 , can be formed. Although slower than the
primary radiolysis process, the aqueous phase reactions of the radiolytically-produced
radicals and ions are still fast for chemical reactions. The speciation of water radiolysis
3

products changes rapidly, following an initial interaction of the radiation particle (or
photon) with the water molecules.
In the presence of a constant radiation source, water decomposition products are
continuously produced at a constant rate.

However, as the concentrations of the

radiolysis products increase the reaction rates of the radiolysis products increase,
eventually matching their radiolytic production rates. Thus, the aqueous chemical system
under continuous irradiation reaches a pseudo-steady state on a time scale on the order of
milliseconds. It then more slowly reaches an actual steady state over a longer period of
time which is controlled by slow processes such as surface reactions and interfacial
transport. It is the pseudo steady-state aqueous concentrations of the radiolyticallyproduced species that control corrosion and colloid formation since these processes
involve solid state reactions and are typically slower than the homogeneous aqueous
reactions.
Colloid formation from dissolved corrosion products in the reactor coolant has an
additional impact on the coolant chemistry that controls corrosion. Since corrosion
products are often transition metal ions that can exist in different oxidation states, they
can interact catalytically with water radiolysis products. The solubility of a transition
metal ion can vary by several orders of magnitude depending on pH and the oxidation
state of the ion. Thus, reactions that can alter this oxidation state are important in
controlling the concentrations of metal ions in solution and their condensation to form
solid particles.
In addition to its importance to nuclear reactor safety, gamma radiation-induced
nanoparticle synthesis has attracted attention due to its unique features.

4

Radiation-

induced nanoparticle formation is better, compared to conventional methods of
nanoparticle formation, in controlling the size, structure, and purity of nanoparticles.
The formation of metallic nanoparticles using ionizing radiation has been reported by
several groups. These studies have focused mainly on synthesis of noble metal
nanoparticles by utilizing the strong reducing power of radiolytically-produced •eaq (or
•H) (which have the standard redox potentials of E0(H2O/•eaq) = 2.87 VNHE and
E0(H+/•H) = 2.3 VNHE, respectively) to reduce the metal ions to a zero-valence state.
Scavengers are used in these syntheses to remove hydroxyl radicals (a powerful oxidizing
agent, E0 (•OH/H2O) = + 2.8 VNHE) to prevent the back oxidation of the metal atom [3].
In a nuclear reactor environment radiation is not present as short-term pulses, but
rather as a continuous steady-state radiation field.

Under this condition both the

oxidizing and reducing water radiolysis products co-exist and cannot be manipulated by
the addition of selected radical scavengers. Therefore, the mechanism of nanoparticle
formation by a continuous radiation source without the scavenging of any oxidizing or
reducing species power will be entirely different.
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Redox potential increases
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H2O
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•O2

highly oxidizing
H2

•H

Easily Oxidizable
Reactant: Fe2+(aq)

Product:

Fe3+(s)

O2

H2O2

HO2•

•OH

Easily Reducible

Co2+(aq)

Co3+(s)

Ag+(aq)

Cr6+(aq)

Ag(s)

Cr3+(s)

Potential for colloid nucleation

Figure 1.2: Schematic of the redox potential of radiolysis products and their reactions to
make condensable material [4,5].

Under continuous radiation both reducing as well as oxidizing species are
generated. Depending on the standard reduction potential of the metal ion redox pair
dissolved metal ions can be oxidized (by any species whose redox potentials lie higher
than that of the metal ion redox pair), or reduced (by any species whose redox potentials
lie lower than that of the metal ion redox pair). For example, the redox potential of
Fe2+/Fe3+ is 0.77 VNHE and the soluble Fe2+ can therefore be easily oxidized to insoluble
Fe3+ by any species the powerful oxidizing agent •OH as well as by less powerful
oxidizing agent H2O2 (E0(H2O2 + 2H+)/2 H2O) = 1.763 VNHE). For cobalt the redox
potential of Co2+/Co3+ is 1.81 VNHE and therefore radiolytic oxidation of dissolved Co2+
to less soluble Co3+ oxides/hydroxides requires the more powerful oxidizing agent •OH.
On the other hand, the soluble CrVI (E0(Cr3+/Cr2O72-) = 1.33 VNHE) is easily reduced to
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insoluble CrIII by •eaq or •O2 ((E0(O2/•O2) = 0.33 VNHE) while soluble Ag+ is reduced
to insoluble Ag by •eaq and less effectively by •O2 , Figure 1.2 [4,5]. If the solubility of
metal ion varies considerably depending on its oxidation state, the insoluble redox
products can quickly condense and provide nucleation sites onto which soluble metal ions
continuously adsorb and undergo redox reaction, growing a solid particle phase.
The formation of iron oxide nanoparticles has been previously studied [6]. In this
system the oxidizing power of the hydroxyl radical is mainly utilized for the nanoparticle
formation.

Uniform-sized colloidal particles of γ-FeOOH can be formed from the

oxidation of dissolved FeII by radiolytically-produced •OH or H2O2 [6]. This occurs by
rapid radiolytic oxidation of dissolved FeII to less soluble FeIII hydroxides, leading to
particle nucleation via spontaneous condensation. This promotes the adsorption of ferrous
ions on the nucleates. Radiolytically-induced electrochemical oxidation of these nucleates
leads to the growth of γ-FeOOH (lepidocrocite) in a dendritic structure whose final size is
regulated. The γ-FeOOH nanoparticles formed by forced hydrolysis and by -radiation
are compared in Figure 1.3. This figure illustrates that the different synthesis methods can
affect the size, shape and morphology of the particles that are formed. This thesis work
extends studies on radiolytic particle formation to other transition metal ions, cobalt and
chromium.
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-FeOOH nanoparticles

Forced hydrolysis

Radiolytic oxidation

Figure 1.3 : γ-FeOOH nanoparticles formed by forced hydrolysis and by radiolytic
oxidation, reproduced from [6] and [7] with permission of The Royal
Society of Chemistry.
The synthesis of chromium and cobalt oxide nanoparticles has been explored by
others using chemical and physical methods [8-24], but there have been no prior studies
on the radiation-induced synthesis of cobalt and chromium nanoparticles. To address this
void, the experimental studies have performed on the irradiation of aqueous solutions
containing initially dissolved CoII and/or CrVI in a gamma-irradiation cell. The reaction
kinetics have been followed by measuring the concentrations of molecular water
radiolysis products (H2, O2 and H2O2) and metal ions in solution, and by characterizing
the size, and chemical and phase composition of particles that are formed, as a function
of irradiation time and test conditions (pH, initial concentration of dissolved metal ions,
and addition of scavengers (dissolved O2, N2O and t-butanol)).
The remainder of this chapter provides further background on water radiolysis
chemistry, and Co and Cr nanoparticle chemistry. The experimental design and analysis
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techniques employed in the thesis study are documented in Chapter 2. The experimental
findings are presented and discussed in a series of chapters as follows.
 Chapter 3. The effects of pH, dissolved O2 and the initial concentration of dissolved
CoII on the formation of cobalt oxide nanoparticles and the behaviour of water
radiolysis products are investigated.

A mechanism for radiation-induced Co3O4

nanoparticle formation and growth is proposed.
 Chapter 4. The effects of pH, dissolved O2 and the initial concentration of dissolved
CrVI on the formation of chromium oxide nanoparticles are investigated. A mechanism
for the radiation-induced Cr2O3 nanoparticle formation and growth is proposed.
 Chapter 5. The radiolytic formation of Co3O4 nanoparticles was investigated using the
radical scavengers, t-butanol, nitrous oxide and dissolved oxygen. A mechanism is
proposed that is consistent with the observed effects of the scavengers on the kinetics
of oxidation of CoII and the sizes of the Co3O4 nanoparticles that are formed.
 Chapter 6. The roles of radiolytically-produced redox agents in the formation
mechanism of chromium oxide nanoparticles are investigated. This study used the
radical scavengers, t-butanol, nitrous oxide and dissolved oxygen. A mechanism is
proposed that is consistent with the observed effects of scavengers on the kinetics of
reduction of CrVI in solution to solid CrIII and the final sizes of Cr2O3 nanoparticles
that are formed.
The final chapter include summarize of the findings of our work and provide
some ideas for future studies.
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1.2

MATERIALS BACKGROUND

1.2.1

Forced hydrolysis method for the synthesis of metal nanoparticles
Transition metal oxide nanoparticles can be synthesized by different chemical

methods that include forced hydrolysis, sol-gel synthesis, microemulsion, hydrothermal
reactions, sonochemical reactions, and electrochemical methods [8-24]. The pros and
cons of all of these alternative fabrication routes are not reciewing here. Instead it will
briefly consider some of the work that has been done using forced hydrolysis to fabricate
metal oxide nanoparticles. The Forced hydrolysis technique is chosen for review because
it involves the same reaction phases (aqueous solution and solid nanoparticle phases) as
those occurring in radiation-induced particle formation and hence the chemistry and
physical processes to be considered in both techniques are similar. Forced hydrolysis is
also considered to be the easiest way to prepare metal (hydrous) oxide nanoparticles, and
gives a platform for identifying some of the significant challenges facing nanoparticle
fabrication.
The forced hydrolysis technique involves the hydrolysis of a metal ion at an
elevated temperature and aging of the resulting metal hydroxide gel to form particles with
a narrow size distribution [25]. Polyvalent cations can be easily hydrolyzed and the
deprotonation of coordinated water molecules can be achieved at elevated temperatures.
For example,
Fe3+(s) + 3 H2O  Fe(OH)2+ + H+ + 2 H2O
 Fe(OH)2+ + 2 H+ + H2O
 Fe(OH)3(aq) + 3 H+
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(1.2)

Fe(OH)3(aq)  Fe(OH)3(s)  -FeOOH(s) + H2O
In forced hydrolysis the precipitation of the hydroxide phase is achieved by increasing
the pH of the solution. Hydrolysis creates intermediates that are present prior to the
precipitation of the oxide phase. The rate of formation of these intermediate complexes
can be controlled by adjusting the pH and temperature to yield uniform particles [14].
Forced hydrolysis is the simplest chemical method used for the synthesis of iron
oxide nanoparticles starting from FeIII cations.

The aging of a freshly prepared ferric

solution containing NaOH or KOH has to take place at a temperature of 60-80 °C for a
period of time ranging from a few days to weeks [25]. Iron oxide as spherical hematite
(Fe2O3) has also been prepared by forced hydrolysis of a FeCl3 and HCl solution at
100 °C with aging for 24 hours [26, 27]. In forced hydrolysis the product composition or
structure is affected by small variations in conditions such as pH, concentration of the
reagents, method of mixing, temperature, etc. This sensitivity of the method complicates
both the reproducibility of the process and the challenges in scaling the process for
industrial applications.
The presence of other anions besides OH in the solution can also affect the
homogeneous precipitation of the metal ions. These anions can sometimes affect the
particle morphology without being incorporated into the precipitate [28]. For example,
mono-dispersed cubic cobalt oxide, Co3O4 particles have been prepared by forced
hydrolysis of Co(II)-acetate solutions at 100 °C in the presence of oxygen. However,
similar particles could not be formed by using CoSO4, Co(NO3)2, or CoCl2 as precursors
[28, 29].
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Forced hydrolysis has been used for the preparation of colloidal particles of
chromium oxides by controlled addition of KOH to a CrIII solution at elevated
temperature until precipitation was achieved [26, 30]. The crystallinity of the particles
was further improved by calcination at an even higher temperature [31]. Musić et al.
synthesized Cr2O3 using the forced hydrolysis method starting from Cr(NO3)3 in a
solution containing urea. In this method, the required increase in pH of the solution was
achieved by the thermal decomposition of the urea and this leads to the hydrolysis of the
CrIII [32]. A surfactant poly-vinyl pyrrolidone (PVP) was used in this particular case to
prevent aggregation of chromium nanoparticles that were formed.
Even though forced hydrolysis is considered to be a simple technique for
synthesizing nanoparticles, there are known issues with this method regarding control of
particle size and purity, and prevention of agglomeration [31]. As noted above, the size
and composition of the particles is affected by small variations in solution pH,
concentration of the reagents, method of mixing, temperature, and adsorption of
impurities.
1.2.2

Radiation-induced nanoparticle formation
Several groups have investigated radiation-induced nanoparticle synthesis in

aqueous solutions, but most studies have been limited to noble metal nanoparticles [3443]. These nanoparticles are prepared by the reduction of their metal salts in aqueous
solution by hydrated electrons (•eaq) and hydrogen atoms (•H) to form insoluble metallic
particles (M0). These neutral metal atoms coalesce to form aggregates in the presence of
a capping agent, such as a polymer, ligand, or surfactant. The process is given by the
following reactions:
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M+(aq) + •eaq  M0

(1.3)

M+(aq) + •H  M0 + H+

(1.4)

M0  M2   Mn   Magg(s)

(1.5)

where n is the aggregation number of a growing particle and Magg is the aggregate in its
final size.

Since radiolysis also generates oxidizing species (like •OH) the reverse

oxidation by •OH will compete with metal ion reduction. To create a more reducing
condition specific scavengers such as the formate ion or an alcohol (like 2-propanol or tbutanol) are added to remove the •OH.
The use of ionizing radiation to fabricate, in particular, metallic nanoparticles has
several advantages compared to the conventional methods used for nanoparticle
synthesis. Radiolysis involves the in-situ generation of the highly reducing species (•eaq)
homogeneously distributed throughout the reagent system with uniformity in time and
space that is hard to achieve by other chemical methods.
The syntheses of some metal oxide nanoparticles by radiolysis have been reported
recently [44-47]. In these studies, metal-oxide nanoparticles were still fabricated via
radiolytic reduction of a metal ion from a higher oxidation state to a lower oxidation
state, generally using a short-duration radiation pulse and chemical scavengers to
optimize the reducing radical concentrations in solution. Under continuous steady-state
irradiation conditions, the presence of these scavengers complicates the water radiolysis
chemistry on longer time scales and their use can then be more challenging.
Y. Ni et al. [34] synthesized cobalt oxide nanoparticles (Co3O4) via a simple
reduction-oxidation route at room temperature using cobalt chloride as the reactant and
sodium acetate as the basic agent. No extra reducing reagent was introduced into the
13

system. The mechanism of nanoparticle formation involved two steps: first, the cobalt (II)
ions were reduced to cobalt atoms by γ-irradiation in a deaerated solution. In the second
step the cobalt atoms were oxidized to cobalt oxide (Co3O4) with air.
The synthesis of colloidal Fe3O4 nanoparticles by the gamma radiolysis of a ferric
chloride solution in presence of polyvinyl alcohol as a colloid stabilizer and isopropyl
alchohol as an •OH scavenger has been reported by Abedini et al. [39]. Again the oxide
nanoparticles were prepared relying on solely the reducing power of •eaq.
I am not aware of any studies, other than those performed by Wren’s research
group, on the formation of uniform-sized colloidal particles of -FeOOH by the radiolytic
oxidation of dissolved FeII in the absence of any stabilizer and scavenger [6]. In this work
and the studies reported in this thesis, the synthesized of transition metal oxide
nanoparticles from dissolved metal ions have taking advantage of either the strong
reducing power of •eaq– or the strong oxidizing power of •OH, depending on the redox
potential of the initially dissolved metal species. -FeOOH have been fabricated from
Fe2+ [6], Co3O4 from Co2+ [48], and Cr2O3 from Cr2O72- [49]. This work has shown that
water radiolysis products are very effective in inducing redox reactions that convert
dissolved transition metal ions into less soluble species which then form metal oxide
nanoparticles.
If the product of a reaction of a dissolved species with a radiolysis-generated
species has a significantly different solubility from that of the reactant, then a solid
product can be formed.

Rapid condensation can create homogeneously distributed

nucleation sites onto which the radiolysis-induced oxidation or reduction product can
continue to deposit and grow the particle size. Because a very large number of nucleation
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sites are generated simultaneously and homogeneously this process leads to the formation
of nanoparticles with a narrow, uniform size distribution.

1.2.3

Cobalt and Chromium Oxides
The work of this thesis examined the radiolytic formation of cobalt and chromium

oxide nanoparticles. These metal oxides are of interest due to their unique electrical,
optical, magnetic and catalytic properties. Knowledge of how the particle fabrication
process can be focused to control the morphology and structure of the metal oxide
particles is important because all of the unique properties depend on the shape, size and
chemical composition of the nanostructures. A brief overview of some of the properties
and applications of metal oxide nanoparticles addressed in this thesis are provided below.
1.2.3.1

Cobalt oxide (Co3O4)
Cobalt has two normally stable oxidation states, CoII and CoIII. The more stable

cobalt oxides are Co3O4 and CoO, and both oxides are used in industrial application; the
more important is Co3O4. Tricobalt tetroxide (Co3O4) is a black oxide that has a normal
spinel crystal structure. This structure is a cubic close-packed array in which CoII ions
occupy the tetrahedral sites and CoIII ions occupy the octahedral sites, Figure 1.4. [50].
This oxide is a p-type semiconductor [51]. It has a band gap of 1.4 to 1.8 eV and is
antiferromagnetic. The spinel structure is stable up to 800C.

The mixed oxide

decomposes to form cobalt (II) oxide, CoO, above 900C.
Cobalt oxide, as Co3O4, is a promising candidate for application in high-power
lithium ion batteries and for smart windows as a result of its electrochromic properties
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[8]. Cobalt oxides have been used in many other industrial applications such as pigments
and catalysts.
Cobalt oxide nanoparticles have been synthesized by many different techniques
including spray pyrolysis [10], chemical vapour deposition [11], sol–gel techniques [12],
pulsed laser deposition [13], thermal decomposition of solid cobalt nitrate [14] and
hydrothermal synthesis [8]. These methods tend to be complex and require chemically
harsh conditions and/or high processing temperatures for the synthesis of nano-scale
crystalline Co3O4 particles.

Figure 1.4: Unit cell (on the left) and primitive cell (on the right) of Co3O4. Light cyan
and navy blue spheres indicate Co2+ and Co3+ ions, red ones indicate O2- ions
[50].
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1.2.3.2

Chromium oxide
Chromium (III) oxide (Cr2O3) is the only stable chromium oxide of interest. It

adopts a corundum (rhombohedral) structure [52] that has a hexagonal close-packed array
of oxygen atoms, Figure 1.5 [9]. In this structure, the metal ions occupy two thirds of the
sites in the crystal lattice [9]. The band gap of Cr2O3 is 3.3 eV [9] and this makes it an
insulator. Depending on the crystal size and morphology, chromium oxide particles are
used as green pigments [54], heterogeneous catalysts [55], coating materials for thermal
protection [56], coatings for wear resistance [57], and electrochromic materials [58]. The
high melting point of chromium oxide (2435 oC) and its oxidation resistance makes this
oxide an important refractory material, although its sintering properties are poor [57]. In
addition to improving pigment opacity and catalytic activity, reducing the chromium
oxide particle size could improve its sintering ability by decreasing the required sintering
temperature and by increasing the density of the pre-sintered powder [57].
Chromium oxide nanoparticles have been synthesized by a number of techniques
including hydrothermal reduction [14], solution combustion synthesis [15], sonochemical
reaction [16], laser-induced pyrolysis [17], hydrazine reduction and thermal treatment
[18],

supercritical

alcohol

synthesis

[19],

condensation-polymerization

[20],

precipitation-gelation [21], gas condensation [22], microwave plasma chemistry [23], and
sol-gel techniques [24]. The major drawbacks of most of these methods are a large
particle size distribution, a low yield, and agglomeration of the particles. The methods
also tend to be complex and require chemically harsh conditions and/or high processing
temperatures.
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Figure 1.5: Crystal structure of Cr2O3 with (a) the rhombohedral primitive cell and (b)
the hexagonal structure. The CrIII ions are grey while the O2 ions are red
(adopted from [9]).
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1.3

RADIATION CHEMISTRY
High-energy charged particles and photons emitted during radioactive decay

(alpha (α) or beta (β) particles, or gamma (γ) or X-ray electromagnetic radiation) are
termed ionizing radiation because of their ability to ionize atoms and molecules. Ionizing
radiation interacts with matter very differently from lower-energy radiation such as
infrared (IR) and ultraviolet (UV). The low energy radiation interacts with molecules via
a dipole moment transition between different energy states. Hence this type of radiation
tends to cause specific molecular vibrational or electronic excitations in specific target
molecules. These types of interactions occur in a one-to-one manner, in which a single
photon can interact with only one molecule. The frequency (or wavelength) of the
radiation can be tuned to interact with a selected molecular group. Due to the high
specificity and singular interaction involved, the chemistry induced by low energy
radiation is a solute-oriented process in which the bulk solution is largely unaffected by
the radiation [3].
Radiation with energy in the keV-MeV range excites or ionizes a large number of
molecules randomly distributed along a radiation track. Due to the non-specific
interaction of this type of radiation (all molecules are equally likely to interact with the
radiation), the bulk solution is most affected by the presence of the radiation and
radiation chemistry is therefore referred to as a solvent oriented process.
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1.3.1

Ionizing radiation and its interaction with matter
Ionizing radiation interacts with matter via a series of collisions with the electrons

in the matter. For a -photon its initial interaction with matter is an inelastic Compton
scattering. The most probable Compton scattering is either near zero or ~ 100% energy
transfer from the photon to an electron initially bound to a molecule. The Compton
scattered electron has energy similar to the original -photon and hence behaves very
much like a -particle or fast electron generated from an electron-beam accelerator. Each
collision of a fast electron transfers a small amount of energy (~ 100 eV) to the
interacting matter and produces initially an ion pair (cation and electron). Since the
electrons ejected from the bound states of a molecule tend to have a kinetic energy of the
order of 100 eV, they can ionize or excite nearby solvent molecules. Thus, one encounter
of a radiation particle with an molecule can lead to the formation of a cluster of 2-3 ion
pairs (electron and solvent cations), known as a spur. Alternatively a collision can lead to
the formation of an electronically excited molecule that can be stabilized or decompose
into radical fragments [59]. Due to its high energy, a radiation particle interacts with a
large number targets, resulting in a large number of excited species and ions being
formed, distributed along the radiation track.
1.3.2

Radiolysis process
The fast-moving radiation particle interacts indiscriminately with the electron

clouds of target atoms or molecules. As such the probability of interaction is related to
the electron density (or mass density) of the target species. The chemical effect induced
by radiation in the interacting medium depends on the rate of radiation energy transfer
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per unit radiation track length (the rate of linear energy transfer, LET). The LET depends
on the nature of the radiation particle and is higher for α-particles than β-particles or γphotons. The LET is a measure of the penetration depth of the radiation, with this depth
ranging from 20-25 μm for α-particles to 0.5-1.0 cm for β-particles and fast electrons, and
to tens of cm for γ-rays in water at room temperature.
Linear energy transfer (LET) is defined as the rate of energy loss per unit length
of a radiation track. Since energy loss is correlated with spur formation, the distance
between two sequential spurs depends on the type of radiation. In the case of a high LET
radiation the distance between two sequential spurs is extremely short and the species
created in separate spurs tend to intermingle. On the other hand, low LET radiation
produces spurs that are sufficiently far apart along the radiation track that the species
created do not interact immediately. In water the electrons, cations and excited species
produced in a spur can interact with nearby water molecules to form radicals within the
solvent cages. Alternatively some of the radicals can combine to form molecular products
such as H2 and H2O2 [2, 59].
In the case where spurs are initially formed close together (for α-particles), the
free radicals (or ions) formed from one spur will rapidly encounter the free radicals (or
ions) formed from in a neighbouring spur and radical-radical (or ion-molecule)
recombination can occur before these species can diffuse from the region around the
radiation track into the bulk phase. For low LET radiation the spurs are spread out along
the radiation track (Figure 1.6) and the highly reactive radicals can diffuse into the bulk
phase, reducing the probability of recombination to form molecular products. As a result
high LET radiation generates a characteristically higher proportion of molecular products
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than low LET radiation. The chemical yields when homogeneous species distribution
along a track is achieved are referred to as the primary radiolysis yields and the species
created are known as the primary radiolysis products.

Fast electron

1 m in water

Spur = 2-3 ions/excited solvent molecules

e–

H2O•+

e–

Figure 1.6: Schematic of a radiation track resulting from a γ-photon [3].

1.3.3

Water radiolysis: process, species and G-values
Ionizing radiation initially produces a series of spurs of 2-3 ion pairs (electrons

and water cations) or excited water molecules along a radiation track. While these
species diffuse out of expanding the spurs, they can undergo dissociation, recombination
and ion-molecule reactions to form radical and the molecular products as schematically
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represented in Figure 1.7 [3, 60]. The distribution of the radiolysis products along the
track is initially inhomogeneous but it becomes homogeneous as the spurs expand. The
homogeneous distribution is reached in less than 10-6 s in water [2]. This time is shorter
than the time required for bulk aqueous phase chemistry to take place. For this reason,
the products formed at this stage are referred to as the primary radiolysis products, even
though they are not the very first species created by the interaction of a radiation particle.
The chemical yields per absorbed energy at this stage are known as the primary radiolysis
yields, commonly referred to as G-values (µmolJ-1) [2, 61]. For gamma-radiolysis of
water at room temperature the G-values are [61]:
H2 O
G-value: 0.42

•OH,

•eaq–, •H,

H2,

H2O2, H+

0.27, 0.26, 0.06, 0.045, 0.07,

(1.1)

0.26

Most of the primary radiolysis products are highly reactive and can react with
each other, with water molecules (and H+ and OH) and, if present, solute species. The
reactions of the radiolysis products occurring after 1 s follow typical bulk aqueous
phase kinetics. The production rates of primary radiolysis products are not affected by the
presence of other dissolved species at levels < 0.01 M since the probability of the solute
species interacting with radiation is very small compared to the probability of water
radiolysis. If there is a continuous radiation flux, primary water radiolysis products are
continuously generated at a rate determined by the absorbed radiation dose rate and the G
values. As their concentrations increase, the rates of the subsequent reactions of the
primary radiolysis products also increase, and the irradiated system approaches steady
state, Figure 1.8. The concentrations of the radiolysis products can reach (pseudo) steady
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state quickly, typically on the order of ms. True steady state may be reached only at
longer times in the presence of slow reactions such as interfacial processes.

e-

10-13

H2O

H + •OH

H2 •OH

•OH + H3O+

H2O2

H3

O+

10-10
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OH H•
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10-7

10-4

H2

H2O2

O2

H2 O

Stable products

Non-homogeneous kinetics

10-16

• • • • • • • •• •

Homogeneous kinetics

H2O+ ,

H2O*

Tracks and Spurs

Time (s)

, , 

H2O

Figure 1.7: Schematics of the initial reactions that occur in water following absorption of
ionizing radiation. The species in the green bar are designated the primary
radiolysis products adopted from reference [60].
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Figure 1.8: Schematic representation of continuous gamma-radiolysis kinetics.

Interfacial reactions and the mass transport involved in corrosion and colloid
formation are slow processes. Thus, it is the steady state concentrations and not the
primary radiolysis yields that determine the kinetics of these processes.

Dissolved

impurities provide additional reaction pathways for the radiolysis products and their
presence can significantly alter the steady-state chemistry of an irradiated system. If the
dissolved impurities can participate in reactions with water radiolysis products in a
catalytic manner they can, even at very low levels, have a significant impact on the
concentrations of the radiolysis products and redox conditions. The possible reactions of
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all species in a system must be taken into account to determine the radiation-induced
chemistry in the system.

1.4

RADIOLYSIS OF PURE WATER WITHOUT ANY ADDITIVES
The radiolysis of pure water has been studied previously [61]. That work

combined both experiments and kinetic model simulations to understand the complex
radiolysis kinetics that occurs under long-term continuous irradiation. A radiolysis kinetic
model that includes the primary radiolysis production reactions (whose rates are
expressed using primary homogeneous yields multiplied by the radiation dose rate), ~40
elementary homogeneous reactions with well-defined rate constants, hydrolysis reactions
and the related acid-base equilibria of the primary water decomposition products has been
validated. The kinetics of the coupled reactions was solved using the software package
FACSIMILE [61]. This model has been shown to reproduce the steady-state radiolysis
chemistry in liquid water for a wide range of conditions [61]. The key findings regarding
the behaviour of the molecular and radical species of primary interest in this work are
discussed here, to aid in interpreting the chemistry seen in irradiation of chromium and
cobalt systems.
The key reactions that determine the concentrations of molecular water radiolysis
products, H2 and H2O2 are as follows [61]:
For H2
H2O → H2

(1.6)

H2 + •OH  H2O + •H

(1.7)
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For H2O2


H2O

(1.8)

H2O2

H2O2 + •OH 

H2O2 + •eaq 

•HO2 + H2O

(1.9)

•OH + OH

(1.10)

where reactions (1.6) and (1.8) represent production by radiolysis and the other reactions
are aqueous chemical reactions.
Except at very short times (< ms), the steady-state approximation can be applied
to these reactions to obtain analytical solutions for the species concentrations. Using only
the main reactions listed above, the results are [61]:

[𝐻2 (𝑎𝑞)]𝑠𝑠 ≈
[𝐻2 𝑂2 ]𝑠𝑠 ≈

𝐻

𝐻

2
𝑘𝑅𝑎𝑑

(1.11)

𝑘1.7 ∙[•OH]𝑠𝑠
𝐻 𝑂

2 2
𝑘𝑅𝑎𝑑

(1.12)

𝑘1.9 ∙[•OH]𝑠𝑠 + 𝑘1.10 ∙[•e−
𝑎𝑞 ]𝑠𝑠

𝐻 𝑂

2
2 2
where 𝑘𝑅𝑎𝑑
≈ 𝐶𝑅 ∙ 𝐺𝐻2 ∙ 𝐷𝑅 ∙ 𝜌𝐻2 𝑂 and 𝑘𝑅𝑎𝑑
≈ 𝐶𝑅 ∙ 𝐺𝐻2 𝑂2 ∙ 𝐷𝑅 ∙ 𝜌𝐻2 𝑂 represent the

zeroth-order radiolytic production rates for H2 and H2O2. These rates are determined by
the primary radiolysis yields (the G-values), the gamma-radiation dose rate, DR, and the
density of water (𝜌𝐻2 𝑂 ), with a unit conversion factor CR (1.04 10-7 moleVmoleculesJ ) The other rate constants (k1.7, k1.9, and k1.10) are second-order bimolecular rate

1 -1

constants.
These analytical equations state that, in the absence of any other dissolved
species, the concentrations of H2 and H2O2 are inversely proportional to the radical
concentrations. These inverse relationships were confirmed by experimental results [60].
It is important to examine the behaviour of radical species •eaq– and •OH. These radicals
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can be consumed by other reactions in addition to those with the molecular species
discussed above as follows [61]:
For •OH
H2O

→ •OH

(1.13)

H2O2 + •OH  H2O

+ HO2•

(1.9)

•O2–

+ OH–

(1.14)

+ •OH  O2

For •eaq
H2O
•H

 •eaq


(1.15)

H+ +

•eaq

H2O2 + •eaq  •OH
O2

+

•eaq



(1.16)

+ OH

(1.17)

•O2–

(1.18)

Note that although reaction (1.7) is an important removal path for H2, it is not important
for the removal of •OH because reactions (1.9) and (1.14) are faster. Reaction (1.7) is
only important if H2 is initially present at a high concentration prior to the build-up of
H2O2 and •O2–.
The interaction between the molecular and the radical radiolysis products leads to
regeneration of some species that can establish a catalytic reaction cycle. This changes
the relative contributions of different reactions to the net removal of the radicals as water
radiolysis progresses, making it difficult to predict the chemistry at longer times. For
example, in initially de-aerated pure water at pH 6.0, the concentrations of the molecular
products are below the detection limits as shown in Figure 1.8.
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Figure 1.9: The radiolytic production of H2 (a) and H2O2 (b) in deaerated water at
different pHs as a function of irradiation time. (Reprentied from reference
[61], Copyright (2008), with permission from Elsevier).
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The molecular species concentrations remain low at pH 8.5 (model predictions are shown
in Figure 1.8). However, at pH 10.6 the molecular product concentrations are about three
orders of magnitude larger (Figure 1.9). At pH 10.6, a pH higher than the pKa of •H of
9.7 (•H  •eaq + H+), reaction (1.16) is very slow and the reaction of •eaq with the
secondary radiolysis product O2 (reaction (1.18)) becomes an important removal path for
•eaq. The product of reaction (1.18), •O2, however, reacts with •OH (reaction (1.14)) to
reform O2. Once this catalytic cycle is established, the secondary radiolysis product O 2
can build up to a significant level while continuously reacting with the radicals. This
results in a reduction in the loss rates of molecular products at high pH, thus increasing
their steady-state concentrations [61].
Introduction of other chemical species into water that can react with the radical
species (scavengers) can upset the chemistry by providing additional removal pathways
for those radicals. If the added species can be regenerated by back reactions such that
they can establish a (semi-) catalytic cycle with the radical species before they are totally
consumed or removed from the aqueous phase, their influence on radiolysis product
concentrations can be significant and last for a long time.
Corrosion products of steel alloys are transition metal ions that can exist in
different oxidation states. Dissolved, ions (such as CrVI, CoII, FeII) can affect water
radiolysis chemistry via their interactions with the radical species present during
radiolysis and thereby influence the concentrations of key molecular oxidants and
reductants (H2O2 and H2). Some dissolved metal ions can significantly alter the solution
redox conditions.
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1.5

SCAVENGERS
In this thesis, scavengers have been used to investigate the role played by the

redox active radicals •OH and •eaq on the formation of Cr2O3 and Co3O4 nanoparticles.
Different scavengers were used to selectively remove •OH or •eaq from the irradiated
system. For scavenging •OH t-butanol was used and for removal of •e aq − nitrous oxide
(N2O) was used.
1.5.1

Scavenger of •OH, t-butanol
The radiolysis of t-butanol (2-methyl-2-propanol) solutions has been investigated

using the pulse radiolysis technique [62, 63]. This chemical has been widely used as a
preferential scavenger of •OH because the scavenging reaction produces a relatively inert
radical (•CH2(CH3)2COH), reaction (1.19), [62, 63].
(CH3)3COH + •OH  •CH2(CH3)2COH + H2O

k = 6.0 × 108 M-1 s-1 (1.19)

However, in aerated solutions, the •CH2(CH3)2COH radical does react rapidly with O2 to
form a peroxyl radical,
O2 + •CH2(CH3)2COH  •OOCH2(CH3)2COH

1.5.2

k = 1.8 × 109 M-1 s-1 (1.20)

Scavenger of hydrated electron (•e aq −), Nitrous Oxide, N2O
Nitrous oxide (N2O) has been widely used in radiation chemical studies to

promote the abundance of •OH (and create a more oxidizing environment) by selectively
removing •eaq− [64]. Nitrous oxide reacts with a hydrated electron to produce the N2O−
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anion and this dissociates to release the O− anion. The O− can then react with water to
form •OH. Studies have shown that N2O has a relative high reactivity toward •e aq − [64].
•eaq − + N2O  N2O −

(1.21)

N2O−  N2 + O−

(1.22)

O−+ H2O  •OH + OH−

(1.23)

The overall reaction can be presented as
N2O + •e aq −+ H2O  N2 + •OH + OH−

(1.24)

The rate constant of reaction (1.21) is reported as 9.1×109 M-1s-1 [64]. In comparison •H
is much less reactive with N2O (rate constant reported as 2.1×106 M-1s-1 [64]). In this
research work, N2O is used to produce a more oxidizing system by scavenging •eaq −.
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Chapter 2
Experimental Principle and Details
General information regarding the experimental techniques and analysis used in
this thesis work are provided in this chapter. The common experimental procedures
applicable for all experimental work are also described in this chapter. Detailed
experimental information, as required, is provided in the experimental sections of later
chapters.

2.1

EXPERIMENTAL TECHNIQUES

2.1.1

Gas Chromatography (GC)
Gas chromatography (GC) is a technique used for analyzing a mixture of

chemicals. Gas chromatography separates the components of a mixture of chemicals into
individual components through the selective partitioning of each component between the
mobile and the stationary phase; after that the components can be characterized for each
of the isolated molecules individually. In all chromatographic techniques, separation
occurs due to differential partitioning between the mobile (gas) phase and the stationary
phase on the walls of the gas chromatograph column. When a gas sample is injected into
a mobile phase (which is usually an inert gas such as helium or nitrogen gas) the mobile
phase carries the sample into a column containing stationary phase. The stationary phase
is usually made of chemical that can selectively attract components in a sample mixture;
it is usually contained in a tube made of a glass or steel. As the mixture of compounds in
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the mobile phase passes through the column, each compound interacts with the stationary
phase at different rates depending on component molecule’s affinity. The separation is
also controlled by changing the temperature of the stationary phase and the flow rate of
the mobile phase [1]. Figure 2.1 represents a schematic diagram of gas chromatography
used in this work. The GC system (GC-MS, 6580 Agilent Technologies) contained a 60
m long GS-GASPRO column (diameter 0.32 m) connected to a micro fluid three-way
splitter to allow simultaneous analysis by three detectors: Thermal Conductivity Detector
(TCD), μ-Electron Capture Detector (μ-ECD) and Mass Selective Detector (MSD). The
resulting GC spectra can be used to identify species eluting at a specific retention time as
illustrated in Figure 2.2. The peak area is proportional to the amount of the component in
the mixture.

Gas
sampling
valve

3 way
splitter

Thermal Conductivity Detector (TCD)

Electron Capture Detector (ECD)

Quadrupole Mass Analyzer

Figure 2.1: Schematic of Gas Chromatography system (GC-MS, 6580 Agilent
Technologies) used in this work.
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Figure 2.2: Chromatogram showing the H2 peak eluting at a retention time of 2.66 min
determined with a GS-GASPRO column and using N2 as the carrier gas at a
flow rate of 4.6 ml/min.

In this work a TCD detector and ECD detector were used. The GC-MS TCD
detector was calibrated by injecting certified gas mixtures with concentrations of 0.1%,
1%, 3% and 5% H2 (Praxair), and the ECD detector was calibrated by injecting gas
mixtures of 2%, 5% 10% and 35% O2 (Praxair).
The thermal conductivity detector (TCD) was used to measure the amount of H 2
in a sample. A TCD detects the difference in the thermal conductivities of two gas flows:
the column effluent (the carrier gas + sample component) and the carrier gas alone. The
magnitude of the TCD signal (measured as a voltage) is proportional to the concentration
in the sample.
An electron capture detector responds to electron-capturing substances like O2.
The electron capture detector uses a radioactive source,
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Ni (beta emitter), to form

thermal electrons in the gas flow. The current generated by the production of these
electrons can be measured. Species which contain an electronegative functional group,
such as halogens, phosphorous or oxygen will capture some electrons and reduce the
measured current. The reduction in current is proportional to the quantity of the species in
the sample.

2.1.2

UV-Visible Spectrophotometry
Ultraviolet and visible (UV-Vis) absorption spectroscopy is a useful technique to

characterize the metal nanoparticles that possess bright colour. The UV-Vis technique
measures the attenuation of a beam of light passing through a sample or by measurement
of reflection from a sample surface. This spectroscopy uses light in the UV, (200 nm 400 nm) and visible (400 nm - 800 nm) regions.
The concentration of an absorbing species is quantitatively determined using the BeerLambert law. The ratio of amount of light of the incident radiation (Io) to the transmitted
radiation (I) is called absorbance [2]. The absorbance depends on the concentration of
the sample (c) (mol.L1), path length of the measuring cell (𝑙) (cm), and extinction
coefficient (𝜀 ) of sample under study (L.mol1.cm 1), (2.1).

𝑨 = 𝐥𝐨𝐠

𝑰𝒐
𝑰

= 𝜺𝒄𝒍

(2.1)

In this project, the UV-Vis technique was used to detect the concentration of metallic
species (CoII, CoIII, CrIII and CrVI) and hydrogen peroxide (H2O2) in the aqueous phase as
discussed in section 2.2.3.
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2.1.3

Raman Spectroscopy
Raman spectroscopy is used to analyze the chemical composition of materials that

are Raman active. The Raman spectrometer instrumentation consists of a laser source, a
sample illumination and scattered light collection system, and a light detection system.
Raman spectroscopy detects changes induced in the polarizability of the electron cloud
around a molecule on interaction with light [3,4].
The irradiation of the sample by an intense laser beam leads to the scattering of
light. Elastic or Rayleigh scattering is the most probable interaction. However, a small
fraction of the incident light undergoes inelastic scattering. If the molecule, after
absorbing the incident photons, is excited to a virtual excited electronic energy state and
quickly decays back to its original state, the scattered photon will have the same energy
as the incident photon; this is called Rayleigh scattering, Figure 2.3. Stokes scattering
occurs when a molecule, after absorbing the incident photon, relaxes back to its original
electronic energy state, but to a higher vibrational state than the initial state (Figure 2.3).
In this case the scattered photon has less energy than the incident photon. If the excited
molecule relaxes to lower vibrational state than the initial state, the scattered photon has
more energy than the incident photon; this is called anti-inelastic Stokes scattering. The
ratio of Stokes and anti-Stokes scattering depends on the original vibrational energy
distribution of the target species and this distribution is linked to the sample temperature
through the Boltzmann distribution.
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Figure 2.3: Illustration showing Rayleigh scattering, Stokes scattering and anti-Stokes
scattering.

The energy difference between the incident and scattered light is termed the frequency
shift. The relation between the scattered light frequency (υ') and the excitation light
frequency (υ'') is given by
𝒉𝝂′ = 𝒉𝝂′′ + ∆𝑬𝒗𝒊𝒃𝒓𝒂𝒕𝒊𝒐𝒏

(2.2)

where ∆Evibration is the energy gap between the vibrational levels (initial and final). Since
vibrational state energies are a characteristic of a chemical species, Raman spectroscopy
can be used to identify a chemical species and the intensity of any spectral peaks can be
linked to the abundance of the species.
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In this thesis, Raman spectroscopy was used to characterize the oxide and hydroxide
phases of the metal of interest, both in nanoparticle form as well as in the aqueous phase.
Raman spectroscopy is particularly suited for the latter analysis because water does not
generate any Raman scattering.

2.1.4

Fourier Transform Infrared Spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) is one of the common analytical

techniques used in molecular structure investigation. The infrared region extends from
500 to 1500 cm– 1. An infrared spectrum contains peaks characteristic of specific bonds
within specific compounds. An infrared spectrum is obtained by passing radiation
through a sample and measuring the absorbance.
In FTIR technique, the molecular bond must have an electrical dipole moment in
order for the light energy to be absorbed [5, 6]. This allows the molecule to interact with
incoming photons and absorb energy at frequencies associated with transitions between
vibrational and rotation states within the molecule [7]. The vibrational frequency depends
on the bond strength and the masses of the atoms.
The FTIR instrumentation consists of four components: a light source, a beam
splitter, a sample, and a detector. Light from the source is split by a stationary mirror and
a moving mirror and is combined again to form an interferogram [5]. After interaction
with the sample, the light beam reaches the detector.
The FTIR technique is sensitive to water and water peaks can block other peaks in
the spectra. However, FTIR technique has number of advantages compared to Raman,
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fluorescence of the sample can interfere with the Raman signal. In this thesis, the two
complementary techniques (FTIR and Raman) were used to identify the chemical phases
and compositions of metal nanoparticles.

2.1.5

Transmission Electron Microscopy (TEM)
The size and morphology of nanoparticles can be determined using transmission

electron microscopy (TEM) [8]. A transmission electron microscope is based on the same
principles as a light microscope but it uses a beam of electrons instead of visible photons.
A TEM instrument is composed of a monoenergetic electron source (80 keV), two
condenser lenses for electron beam focus and to adjust magnification, and magnetic coils
to align the electron beam. The resolution (ρ) of a microscope is related to the wavelength
of the light by the relation [8]

𝜌=

0.61 𝜆

(2.3)

sin 𝛼

where λ is the wavelength of the light and α is the maximum angle between the incident
and deflected beams. TEM resolution is limited by the de Broglie wavelength of the
electrons. The standard electron energy of 100 keV provides a maximum resolution of 37
pm, which is much smaller than the near neighbour atomic separation in crystals [8]. In
TEM a beam of electrons is transmitted through an ultra thin specimen and to obtain an
image. For the electron to transit through the sample, the sample must be thin enough
(20-200 nm).
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Images of the samples are taken in bright field mode (the most common mode). The
brightness of the image is dictated by the flux of incident electrons on a detector. Thicker
areas, where nanoparticles are present, will appear dark and the areas where no sample is
present will appear bright.

2.1.6

X-ray Photoelectron Spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) is a surface sensitive quantitative

spectroscopic technique. Information regarding the element composition, chemical state,
electronic state, and empirical formulas can be obtained by XPS. This technique was
used in this project to obtain information on the oxide composition of nanoparticles.
XPS is based on photoelectric effect, wherein an incident X-ray interacts with the
core electron shell of an atom causing ejection of an electron (a photoelectron), Figure
2.4. In XPS, the sample is illuminated with a soft (~1.5 kV) X-ray beam in an ultrahigh
vacuum. The ejected photoelectrons have an energy spectrum that is characteristic of the
source atom and its surrounding electronic environment. This energy spectrum is used to
determine the composition of the sample. The kinetic energy of the ejected photoelectron
is defined as the difference between the energy of the X -ray and the binding energy of
the electron plus the work function.
𝐄𝐤 = 𝐡𝛖 − (𝐄𝐁 + 𝛗)

(2.4)

where Ek is the kinetic energy, EB is the binding energy of the electron in the ionized
atom, h is the Planck constant, 𝜐 is the frequency of the X-ray and 𝜑 is the work function
[8]. The work function here is the combined work function induced by the analyzer and
the sample work function. By using this equation and by knowing the photon energy hν,
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and the work function of the system, the binding energies (B.E) of the photoelectrons can
be calculated.

e- (KE)

(a)

(c)

(b)

Vacuum Level
Work Function
Fermi Level

Ø

BE

e-

e-

Core Level

Figure 2.4: Schematic representation of a single photon/electron ejection process.

An XPS spectrum is a plot of the measured photoelectron intensity as a function
of the binding energy. Since the binding energies of the electron orbitals in atoms are
known, the positions of the peaks in the spectrum allow the qualitative identification of
the elemental composition of the sample surface. The intensity of the peaks is related to
the concentrations of the elements under study. The binding energies of a particular
element depend on its chemical state (the electronic environment of the element). Very
small shifts in the binding energies can be utilized in determining the oxidation states of
an element.
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2.2

EXPERIMENTAL PROCEDURES

2.2.1

Solution preparation
All solutions were freshly prepared before each experiment using water purified

using a NANOpure Diamond UV ultrapure water system (Barnstead International). The
purified water had a consistent resistivity of 18.2 Mcm.

High-purity potassium

dichromate (K2Cr2O7) obtained from Sigma-Aldrich (purity  99%) was used without
further purification for the formation of chromium nanoparticles. Cobalt solutions were
prepared by dissolving high-purity cobalt (II) sulfate obtained from Sigma-Aldrich
(purity  99%) for the formation of cobalt nanoparticles. Pure water was first purged with
ultra high purity argon (Praxair, impurity content 0.001%) for more than one hour and
then transferred to an argon-filled glove box for a de-aerated solution preparation. The
oxygen level in the glove box was maintained below 0.1 volume percent. Solutions
containing dissolved CrVI or CoII were prepared and the pH of the solution (measured
using a Toledo pH meter) was adjusted to 6.0, 8.5 and 10.6 using a sodium hydroxide
solution inside the glove box. The solutions were then transferred into test vials in the
glove box (20 ml, pyrex, Agilent Technologies) and sealed using PTFE silicon septa. For
aerated sample tests, solutions were first prepared and then purged high purity air
(Praxair, hydrocarbon free air) for one hour. Using a syringe, this aerated solution was
transferred to pre-sealed vials leaving no headspace.
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2.2.2

Irradiation procedure
The sample vials were placed in a custom-designed sample holder to ensure a

uniform radiation dose to all of the samples throughout the irradiation period, as
illustrated in Figure 2.5. The irradiation was carried out in a

60

Co gamma cell 220 Excel

(MDS Nordion) that provided the irradiation chamber with a uniform absorption dose
rate between 4 and 6.7 kGy.h1 determined by using Fricke Dosimetry [9, 10]. The dose
rate varied over the period in which the experiments were conducted due to decay of the
60

Co source.

Figure 2.5: The sample vials with the custom designed sample holder for the gamma cell
experiments.
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The 60Co isotope has a half-life of 5.27 years and emits two characteristic -rays at 1.332
MeV and 1.173 MeV. A -particle is also emitted with energy of 0.318 MeV, but this
particle is blocked by the metal shielding around the sample container.
2.2.3

Sample analysis
Following irradiation for a desired period, individual vials were removed from the

irradiation chamber to allow for gas and aqueous phase analysis.

These chemical

analyses were performed before the colloidal particles were collected for analysis.
2.2.3.1 Gas phase analysis
For analysis of dissolved H2, one half (10 mL) of the irradiated test solution was
transferred to a new 20 mL vacuum-tight vial using a gas-tight syringe (Hamilton).
Equilibration of the gas concentrations in the headspace above the solution and in the
aqueous phase was quickly established. A gas sample was extracted from the headspace
using a gas-tight syringe with a Luer lock (Agilent Technologies) and was analyzed using
a gas chromatograph with a thermal conductivity detector (GC-TCD, 6580 Agilent
Technologies) [11]. The GC consists of a GS-GASPRO column and nitrogen was used as
the carrier gas at a flow rate of 4.6 ml/min. The aqueous phase H2 concentrations were
calculated from the measured gas phase concentrations using the known aqueous-gas
partition coefficients (0.019 for H2 at 25oC ([Caq]/[Cg], both concentrations in moldm3
[12])).

Using this method, the detection limit for the aqueous [H2] was 1.0  105

moldm3 and the uncertainties in the measurement arising from sampling and
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instrumental errors were estimated to be 50% at the low end of the measured
concentration range and 0.005% at the high end of the concentration range.
2.2.3.2 Aqueous phase analysis
The aqueous phase was analyzed by UV spectrophotometry for hydrogen
peroxide and dissolved metal (Cr and Co) speciation.

All spectrophotometric

measurements were performed using a diode array UV spectrophotometer (BioLogic
Science Instruments). The colorimetric methods used for the analysis of hydrogen
peroxide and Cr and Co speciation are described in detail below.
2.2.3.2.1

Hydrogen peroxide analysis (Ghormley tri-iodide method)

The hydrogen peroxide analysis was performed immediately after the termination
of irradiation to minimize the thermal decomposition of H2O2 in the sample vials. The
concentration of hydrogen peroxide was determined by the Ghormley tri-iodide method
[13]. In the presence of an ammonium molybdate catalyst, I is oxidized to I3 by H2O2.
The I3 ion has a maximum absorption at 350 nm with a molar extinction coefficient of
25500 M1cm1 [14]. From a calibration curve that was obtained, the detection limit for
[H2O2] was determined to be 3  106 mol.dm3, Figure 2.6.
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Figure 2.6: Calibration curve for H2O2 using Ghormley tri-iodide method.

2.2.3.2.2

Cobalt (CoII and CoIII) analysis (PAR colorimetric method)

The total concentration of CoIII present in a sample (dissolved or dispersed as a
colloidal solid) was determined by reacting the sample with 4-(2-pyridylazo) resorcinol
(PAR) (Sigma-Aldrich (ACS reagent)). This form a coloured complex that absorbs light
at 510 nm with a molar extinction coefficient of 5.6 × 104 M1.cm1 [15]. To determine
the concentration of CoII present, the CoII in the sample was first oxidized to CoIII using a
3% hydrogen peroxide solution. Then the solution was heated to 100 °C in a boiling
water bath to remove any unreacted hydrogen peroxide. The CoIII concentration of this
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solution was then determined by the PAR method. The difference between this total
cobalt concentration (measured after oxidation) and the concentration of Co III measured
before oxidation gives the concentration of CoII in the sample.

2.2.3.2.3

Chromium (CrVI and CrIII ) analysis (DPC colorimetric method)

The concentration of CrVI was determined using the diphenylcarbazide (DPC)
colorimetric method (Sigma-Aldrich (ACS reagent)). Here DPC reacts with CrVI to form
a coloured complex that absorbs light at 540 nm [16]. A calibration curve for CrVI over
the concentration range of 0.01 to 1mM was generated. The molar extinction coefficient
of 39032 M1cm1 obtained from the calibration curve is comparable to the reported
value of 34400 M1cm1 [16]. Gamma-irradiation reduces CrVI to CrIII which then forms
colloidal particles that are comprised of Cr(OH)3, CrOOH, and Cr2O3. The concentration
of CrIII particles dispersed in the solution samples was determined by first oxidizing a
sample solution containing CrIII particles with a potassium permanganate solution
(Sigma-Aldrich (ACS reagent)) to form dissolved CrVI, and then by measuring the CrVI
concentration in the sample using the DPC method. The CrIII particle concentration was
calculated by subtracting the dissolved CrVI concentration (measured before oxidation)
from the total CrVI concentration determined after oxidation.
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2.2.3.3 Particle analysis
Particles collected from the sample vials were analyzed by transmission electron
microscopy, X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy
and Raman spectroscopy.
Samples for TEM were prepared by dipping a carbon-coated copper grid into the
irradiated test solution and then drying the sample grid in air. The TEM images were
obtained with a Philips Electronics Ltd. electron microscope operated at 80 keV.
For the XPS, FTIR and Raman analyses particles were collected by centrifuging a
test solution. The particles were then dried on a glass plate in an argon-purged glove box.
FTIR spectroscopy was performed with a Bruker, Vertex 70v instrument in the 400 to
4000 cm−1 range. The dried particle sample was incorporated into a KBr pellet for the
FTIR measurement. A standard Cr2O3 spectrum was measured using the same method.
XPS spectra were acquired on a KRATOS Axis Nova spectrometer using monochromatic
Al K radiation and operating at 210 W with a base pressure of 10-8 Pa. The analysis
depth of the XPS instrument is 6-7 nm. Raman measurements were performed using a
Renishaw model 2000 Raman spectrometer with a laser excitation wavelength of 633 nm.
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Chapter 3
Gamma-Radiolysis-Assisted Cobalt Oxide Nanoparticle Formation1

3.1

INTRODUCTION
Recently synthesis of nano-scale structured transition metal oxides has been an

area of active research due to the many technological applications of such oxide particles.
The magnetic, catalytic, optical, and electronic properties of these metal oxides are
determined by the size, structure and shape of the particles that they form [1,2].
Nanoparticles containing magnetic materials (such as iron, nickel and cobalt oxides) have
potential applications in medical biotechnology, drug delivery and hyperthermic cancer
treatment. They can also be used as contrast agents for magnetic resonance imaging
(MRI) [3-7]. This type of oxide is a magnetic p-type semiconductor with a cubic spinel
crystal structure in which CoII occupies the tetrahedral sites and the octrahedral sites are
occupied by CoIII [8]. The properties of Co3O4 nanoparticles make them promising
materials for electronic devices [9], gas sensors [10], magnetic materials [11],
electrochromic devices [12], electrochemical anodes for sensors [13], high temperature
selective absorbers of solar radiation [14] and anode materials for rechargeable Li ion
batteries [1]. Cobalt nanoparticles have also been proposed for use as an alternative to
iron oxide nanoparticles as the contrast agent for MRI due to their greater impact on
proton relaxation times [1,15].

1

[L.M. Alrehaily, J.M Joseph, M.C. Biesinger, D. Guzonas, J.C. Wren, Phys. Chem.
Chem. Phys., 15 (2013) 1014.]-Reproduced by permission of the PCCP Owner Societies.
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Cobalt oxide nanoparticles have been synthesized by different techniques
including chemical vapour deposition [16], sol-gel techniques [17], pulsed laser
deposition [18], thermal decomposition of solid cobalt nitrate [19], and hydrothermal
synthesis [1]. These methods are either complex or require chemically harsh conditions
and/or high processing temperatures for the synthesis of nano-scale crystalline Co3O4
particles. Radiolytic particle formation is a promising new technique for the synthesis of
Co3O4 nanoparticles that avoids the need for chemically and thermally extreme
conditions.
The potential formation of insoluble cobalt particles is also a particular concern
for water-cooled nuclear reactors. Corrosion of metal alloys (and particularly Co-based
alloys such as Stellites) can release dissolved Co ions into the reactor coolant water.
Dissolved Co species can deposit in the reactor core where neutron activation can convert
59

Co to radioactive

60

Co.

Subsequent resuspension/dissolution of the

60

Co and its

transport by the coolant to out-of-core piping where it can redeposit can give rise to high
radiation fields around system piping.

Radiolytic conversion of dissolved

60

Co to

colloidal particles will affect the transport and deposition of this radioactive isotope.
Understanding the mechanisms for the formation of cobalt particulates is
particularly important because of the radiological hazard posed by the formation of 60Co
[20, 21]. On-line purification systems are used to control the concentrations of dissolved
ions (using ion exchange resins) and particulates (using mechanical filters) in the coolant;
the efficacy of filters for particle removal depends on the size of the particles present.
Therefore, it is important to understand the various mechanisms that can convert
dissolved Co species to particles.
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Ionizing radiation includes high energy charged particles (such as α-particles and
fast electrons) and electromagnetic radiation (x- and -rays). Due to its high energy
(typically greater than 10 keV), when passing through matter, individual radiation
particles or photons lose their energy continuously through a large number of collisions,
mostly with electrons in the matter. The initial interaction of ionizing radiation with
matter is thus to ionize the molecules or atoms on its track. Since the interaction is
indiscriminant, radiolysis is considered as a non-selective, solvent-oriented process
[22,23].

This contrasts with the selective, solute-oriented process that occurs in

photolysis, where the energy of photons is on the order of a few eVs and can be tuned to
the excitation energy of a target solute molecule. One important implication of this
difference is that the reactions of dilute chemical species in water exposed to ionizing
radiation occur primarily via reactions with radiolytic decomposition products of the
solvent water [23]. Their direct interaction with incident radiation is negligible.
The initial consequence of each collision between a radiation particle and a water
molecule is to form ion pairs (H2O•+ and ehot) or excited species (H2O*) along the
radiation track where ehot represents an energetic electron [22,23]. These hot electrons
may themselves have sufficient energy to produce secondary ion pairs (H2O•+ and e) and
excited species before they are thermalized. Any secondary ionization they produce will
be situated close to the original ionization (within a few nm or a few atom lengths) in a
small cluster, or spur, of excited and ionized species. For water molecules, typically 2-3
ion pairs or excited species are formed in a spur. These energetic species undergo a
range of chemical reactions as the spur expands.

The distribution of radiolytic

decomposition products of water becomes homogeneous along the radiation track on a
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time scale on the order of 10-7 s. The water decomposition products at this stage are
referred to as the primary radiolysis products; while they are not the first species formed
upon absorption of radiation energy, they are the first set of relatively stable, longer-lived
species.
For a given type of radiation, the chemical yields of the primary radiolysis
products at this stage depend mainly on the net absorption energy and, hence, the primary
yields are expressed in G-values or the number of molecules produced per absorbed
energy. The primary yields depend on the type of radiation and solvent properties. For
the -radiolysis at room temperature, the primary products and their yields (in bracket in
units of molJ-1) are [22]:
H2O

•OH (0.26), •eaq–(0.26), •H(0.06), H2(0.045), H2O2(0.075), H+(0.26)

(3.1)
These chemical yields per unit energy input are very high. Such high yields, particularly
for the radicals, cannot be obtained by thermal processes. Gamma-radiolysis is the most
effective way of producing these reactive species. Due to the long penetration depth of a
typical -ray in water (~20 cm for a half reduction in intensity), these species are also
produced uniformly over a large volume of water. The high yields and the uniform
production of the chemically reactive species at room temperature can provide ideal
conditions for certain chemical reactions.
The primary radiolysis products continue to react each other to form secondary
products such as •HO2, O2 and •O2 and eventually the stable products H2, O2 and H2O2.
Under continuous irradiation, in pure water, the concentrations of radiolysis products
quickly reach a pseudo-equilibrium state where the steady-state concentrations of the
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radiolysis products depend on radiation energy absorption rate, the solution pH, and
temperature [24,25]. The radiolysis products are highly redox active and include both
oxidizing (e.g., •OH, H2O2 and O2) and reducing (e.g., •H, •eaq– and •O2) species. These
species can readily interact with dissolved transition metal ions to change their oxidation
states. Since the solubility of a transition metal ion can vary by several orders of
magnitude depending on its oxidation state, reactions that can alter the oxidation state can
control the concentrations of metal ions in solution. Conversion of dissolved metal
species to oxidation states with low solubilities can lead to condensation and the
formation of colloidal particles.
The formation of -FeOOH nanoparticles using steady-state radiolysis previously
studied [25]. This study has shown that radiolytic oxidation of FeII(aq) to less soluble
Fe(OH)3 provides nucleation sites for particle growth and that this oxidation is very fast.
Subsequently ferrous ions are continuously oxidized and adsorbed on the nucleates,
growing into nano-scale -FeOOH particles. The final size and morphology of the
particles is regulated by the radiolytically-induced steady-state redox conditions at the
water-solid particle interface and the phase of the oxide.
This chapter describes the mechanism of the formation of Co3O4 nanoparticles
from the Co-containing solutions when exposed to -radiation. The effects of pH and
dissolved oxygen are investigated. Similarities and differences in particle formation and
growth in the iron and cobalt systems are discussed.
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3.2

EXPERIMENTAL

3.2.1

Sample preparation and irradiation process
Cobalt solutions (0.2 and 0.3 mM) were prepared by dissolving high-purity cobalt

(II) sulfate obtained from Sigma-Aldrich (purity  99%). All solutions were freshly
prepared with water purified using a NANOpure Diamond UV ultrapure water system
with a resistivity of 18.2 Mcm.

The pH was adjusted to 6.0 and 10.6 using a

concentrated NaOH solution. These pH values were chosen based on the solubilities of
CoII and CoIII species [26]. The solubility of CoII is at a minimum (~10-6 M) at pH 10.6
whereas it is several orders of magnitude higher (~1 M) at pH 6.0. The solutions were
either aerated by purging with high purity air (Praxair) or de-aerated by purging with Ar
for one hour. Using a syringe, the test solution was transferred to a pre-sealed 20-ml vial
leaving no headspace. The sample vials were irradiated in a

60

Co gamma cell (MDS

Nordion) as described in chapter 2. The gamma source provided a uniform absorption
dose rate of 5.5 kGyh-1 in the water samples at the time of this study.

3.2.2

Sample analysis preparation
Following irradiation for the desired period, a series of chemical analyses of

solution species were first performed. Colloid particles were then collected for various
particle analyses. For the analysis of dissolved H2 and O2, one half (10 ml) of the
irradiated test solution was transferred to a new 20 ml vacuum-sealed vial using a gastight syringe. Equilibration of the gas concentrations in the headspace above the solution
with the gases in the aqueous phase was quickly established. A gas sample was extracted
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from the headspace using a gas-tight syringe with a Luer lock (Agilent Technologies) and
was analyzed using gas chromatography with a thermal conductivity detector (GC-TCD,
6580 Agilent Technologies) [24]. The solutions were first analyzed for CoIII species by
direct UV-VIS absorption (BioLogic Science Instruments). The solution cobalt species
and H2O2 were subsequently quantified by colorimetric analysis.
The total concentration of CoIII present in the sample (dissolved or dispersed as a
colloidal solid) was determined by reacting the sample with 4-(2-pyridylazo) resorcinol
(PAR) to form a coloured complex that absorbs light at 510 nm with a molar extinction
coefficient of 5.6 × 104 M-1cm-1 [27]. To determine the concentration of CoII present, the
CoII in the sample was first oxidized to CoIII using a 3% hydrogen peroxide solution and
then the solution was heated to 100oC in a boiling water bath to boil off any unreacted
hydrogen peroxide. The CoIII concentration of this solution was then determined by the
PAR method. The calibration curve for CoII in the concentration range of 5 M to 1 mM
obtained by this method is shown in Figure 3.1. The difference between the total cobalt
concentration (after oxidation) and the concentration of CoIII determined prior to the
hydrogen peroxide treatment was taken to be the concentration of Co II in the solution
phase. Using this method, the detection limits for both [Co II] and [CoIII] were 1 M [10].
Note that although the experiment tests started with 0.2 to 0.3 mM CoSO4 solutions, the
total amount of Co found in solution at pH 10.6 was actually less due to the loss of some
Co through precipitation. The concentrations determined by the PAR method including
the initial CoII concentration, [CoII(sol)]0 are used throughout this chapter.
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Figure 3.1: Calibration curve obtained for [CoII] using the method used in the study.
The concentration of hydrogen peroxide in the test solution was determined by the
Ghormley tri-iodide method [28] in which I– is oxidized to I3– by H2O2 in the presence of
ammonium molybdate as a catalyst, followed by spectrophotometric measurement of the
I3– concentration; I3– has a maximum absorption at 350 nm with a molar extinction
coefficient of 25500 M-1cm1 [29]. The solustion tested for and observed no oxidation of
I– to I3– by Co(III) in the test solutions.
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3.2.3

Particle analysis process
Particles were collected from the sample vials for analyses by transmission

electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy. For TEM the particles were collected by dipping a carbon-coated copper
grid into the irradiated test solution and drying the sample grid in air. Samples for the
XPS and Raman analyses were collected by centrifuging the solution and then drying the
precipitate on a glass plate in an Ar-purged glove box. The sizes and shapes of the
particles were measured using TEM with the microscope operating at 80 keV by dipping
TEM grid to the solution. X-ray photoelectron spectra were acquired on a KRATOS Axis
Nova spectrometer using monochromatic Al K(alpha) radiation and operating at 210 W,
with a base pressure of 10-8 Pa. Raman scattering measurements to determine the particle
chemical composition were performed using a Renishaw model 2000 Raman
Spectrometer with a laser excitation wavelength of 633 nm.

3.3

RESULT AND DISCUSSION

3.3.1

Solution analyses
No conversion of dissolved CoII to particles was observed at pH 6.0 either in the

absence or presence of dissolved oxygen; see further discussion on the effect of pH in
Section 3.3.2. Photographs of solutions that initially contained 0.32 mM CoII(sol) at pH
10.6, irradiated for different times, are shown in Figure 3.2. Note that for the photographs
the solutions were transferred to new, clear sample vials because the test sample vials
darken when exposed to -radiation. The corresponding UV-Vis spectra of the test
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solutions are shown in Figure 3.3. The pre-irradiated CoSO4 solution is colorless but the
sample vial contained some precipitate at the bottom due to the conversion of some of the
CoSO4 to insoluble Co(OH)2.

With increasing irradiation time, tRAD, the solution

becames increasingly brown in colour and more opaque. The amount of precipitate
appeared to increase with tRAD up to ~60 min. After this time, the amount of precipitate
appeared to decrease (not quantitatively determined) while the solution continued to
darken.

Figure 3.2: Photographs of irradiated aerated solutions initially containing 0.3 mM
CoSO4 at pH 10.6.
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Figure 3.3: UV-Vis spectra of irradiated aerated solutions initially containing 0.3 mM
CoSO4 at pH 10.6: (a) raw spectra and (b) empty-cell backgroundsubtracted spectra. The reference spectrum of Co3O4 is shown as the dashed
curve.
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The UV-Vis spectra of the test solutions show increases in the intensities of
absorption bands with maxima at ~280 and 400 nm, Figure 3.3a. These spectra match
very well with a reference spectrum taken with a solution that was prepared with
dispersed Co3O4 particles. The Co3O4 used for the reference spectrum was purchased
from Alfa Aesar and TEM analysis showed that the diameter of the particles was in the
range of 8-20 nm. The similarity indicates that the irradiated test solutions contain Co3O4
particles and that the colloidal particle density increases with irradiation time. The good
agreement between the reference spectrum and the test solution spectra also indicates that
Co3O4 is the only colored species present. The other CoIII species, CoOOH, does not
absorb in the 200 to 700 nm range.
The peak intensity of the background-subtracted band centered at ~400 nm is
plotted as a function of tRAD in Figure 3.4. These results are compared in the same figure
with the concentrations of CoIII determined by the PAR method. The two sets of data
match very well except at long irradiation times (> 250 min) in deaerated solutions.
Compared to the aerated solution cases, the radiolytic conversion of Co II(sol) to Co3O4 in
deaerated solutions is negligible at pH 10.6.
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Figure 3.4: Concentration of CoIII(sol) as a function of irradiation time for aerated
(squares) and deaerated (circles) solutions initially containing 0.3 mM
CoII(sol) at pH 10.6. The concentrations were determined by the PAR
method (solid symbols) and UV-Vis absorbance (open symbols).

The change in the oxidation state of the cobalt in solution as a function of tRAD is shown
in Figure 3.5. The [CoIII(sol)] increases while the [CoII(sol)] decreases before they reach
the near plateau regions. The sudden drop in log [CoII(sol)] at 200 min is attributed to a
continuous linear decrease in [CoII(sol)] with time and not due to a change in the
mechanism. However, the total cobalt concentration in solution at any given time is not
equal to [CoII(sol)]0. This discrepancy can be better appreciated in Figure 3.5 where the
change in [CoII(sol)] ([CoII(sol)] = [CoII(sol)]0  [CoII(sol)]) is shown as well as the
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curve for [CoIII]. The discrepancy increases with irradiation time and then reaches a
steady-state value after the test solution has been irradiated for approximately 55 min.
This discrepancy is attributed to the loss of cobalt that has settled as a solid precipitate at
the bottom of the test vial (Figure 3.2).
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Figure 3.5: (a) Concentrations of CoII(sol) and CoIII(sol) as a function of irradiation
time. (b) The [CoII(sol)] and [CoIII(sol)] in the irradiated solutions initially
containing 0.3 mM CoII(sol) under air-saturated pH 10.6 conditions.
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3.3.2

Particle analyses
The colloid particles formed by -irradiation of the CoII solutions were collected

for various particle analyses. Solid particles of Co(OH)2 formed in aerated solutions at
pH 10.6 without irradiation were also collected for analysis. The TEM images of the
particles formed as a function of tRAD are shown in Figure 3.6. The TEM images show the
presence of two types of particles that have very different sizes. The larger particles are
~200 nm in width and have a thin hexagonal shape. These particles are present in nonirradiated solutions and in irradiated solutions at irradiation times < ~60 min. At longer
irradiation times, few of these particles are present.
particles, 8-20 nm in size and spherical in shape.
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They are replaced by smaller

Figure 3.6: TEM images of the particles collected at different irradiation times from aerated solutions initially containing 0.3 mM
CoII(sol) at pH 10.6.
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The particles were further examined by XPS and Raman spectroscopy to
determine their chemical and phase composition. Typical high resolution XPS spectra of
the regions containing the O 1s, C 1s and Co 2p bands are shown in Figure 3.7. The high
resolution XPS spectra of the Co 2p band were deconvoluted using reference spectra of
standard single-phase samples of Co0, Co(OH)2, CoO, Co3O4, CoOOH, and CoCr2O4
(which have binding energies of 778.1 eV, 780.4 eV, 780.0 eV, 779.6 eV, 780.1 eV and
778.8 eV, respectively) [30]. Similarly, the O 1s and C 1s bands were deconvoluted to
identify the different O components. The deconvolution of XPS bands using multiplepeak reference spectra with a Shirley-type background subtracted has been successfully
applied for cobalt oxide analysis [30]. Commercial software (CASAXPS®) was used for
the deconvolution fitting analysis. The weighting factors yield the relative concentrations
of individual species in the Co oxide particles and the results are summarized in Figure
3.8. It should be noted that the analysis depth of the XPS instrument is 6-7 nm so that the
derived compositions strictly apply only to the outer layer of the particles. The XPS
results show that the fraction of Co(OH)2 in the particle decreases with irradiation time
while the fraction of Co3O4 increases. The fraction of the particle that is CoOOH initially
increases, reaching a maximum at ~50 min, and then decreases. The particles collected
from the solutions irradiated for long times (> 300 min) contain only Co3O4. The XPS
analyses of particles collected from test solutions that were not subject to irradiation
show that they contain ~80% Co(OH)2 and ~20% CoOOH by percentage.
composition did not change with time over a period of a few weeks.
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Figure 3.7: High resolution XPS spectra of the (a) O 1s, (b) C 1s, and (c) Co 2p bands
obtained from particles collected after 5-min of irradiation of a deaerated
solution initially containing 0.3 mM CoII(sol) at pH 10.6. Deconvoluted
reference spectra and the composite spectra are also shown.
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Figure 3.9: (a) Raman spectra of particles collected as a function of irradiation time
from aerated solutions initially containing 0.3 mM CoII(sol) at pH 10.6.
(b) Raman spectra of particles prepared from several pure cobalt oxides.
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The Raman spectra of particles formed as a function of irradiation time are shown in
Figure 3.9The depth analysis of Raman spectroscopy could not establish, but it is
generally considered to be deeper than the XPS technique (on the order of the wavelength
of the exciting line depending on the absorption properties of the material) [31].
Comparison of the Raman spectra of the particles from irradiated tests with the reference
spectra of different Co oxides (Figure 3.9b) also shows that the particles are composed of
only Co3O4. A broad band centered at 3000 cm-1 (full width of the peak not shown in
Figure 3.9) grows at short irradiation times and then decreases. The origin of this band is
not clear but may be attributed to the fluorescence of Co3O4, since the broad band also
appears in the reference spectrum of Co3O4 and the Raman excitation laser wavelength
(633 nm) is on the edge of the UV-Vis absorption band. It is not clear why this band
disappears at longer irradiation times, but it could be that changes in particle size may
change the absorption cross section at the excitation wavelength.
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Figure 3.10: Concentrations of (a) [CoII(sol)], (b) [H2O2] and (c) [H2] as a function of
irradiation time at pHs 6.0 and 10.6 aerated solutions initially containing 0.3
mM CoII(sol). The [H2O2] and [H2] as a function of irradiation time in pure
water are also shown for comparison.
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3.3.3

Effects of pH and dissolved oxygen
The solution pH and dissolved oxygen concentration affect the net radiolytic

production of H2O2 and H2 under long-term steady-state irradiation even in the absence
of other dissolved species [24]. In the absence of any cobalt ions, the net radiolytic
production of H2O2 as a function of tRAD in aerated solution is similar at both pHs, see
Figure 3.10. The presence of CoII(sol) in aerated solution does not significantly affect
[H2O2] at pH 6.0, but significantly reduces [H2O2] below 3 M (the detection limit) at pH
10.6 at all times (> 5 min, at first measurement time). The presence of CoII(sol) in
solution also lowers [H2] in an aerated solution but not as dramatically. In deaerated
solutions, [H2O2] is still below the detection limit at all irradiation times while [H2] is the
same as that observed for pure water.
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The large change in [H2O2] with CoII present indicates that H2O2 (and its
oxidizing radiolysis product precursors) is involved in a reaction with Co II(sol).
However, since conversion of CoII(sol) to CoIII(sol) was not observed at pH 6.0 (where
equal concentrations of radiolytic H2O2 are normally present), the oxidation of CoII to
CoIII observed at pH 10.6 must have an additional requirement. This requirement is the
existence of a solid surface on which a heterogeneous oxidation process can occur. The
solid surface is initially created by the nucleation and condensation of Co(OH)2 from the
solution. The Co(OH)2 is formed by hydrolysis of the CoII initially introduced into the
solution as dissolved CoSO4:
+ OH–



Co(OH)+

(3.2)

Co(OH)+ +

OH–



Co(OH)2

(3.3)

Co(OH)2 +

OH–



Co(OH)3

(3.4)

Co2+

The overall solubility and the contributions of the various Co II hydrolysis species to the
solubility were calculated as a function of pH based on Baes and Mesmer [26] and are
shown in Figure 3.11. The overall solubility of these hydrolyzed Co II species is low at pH
10.6 (~10-6 M). The solution will be quickly supersaturated with hydrolyzed Co II species
and excess CoII species will condense as solid Co(OH)2 when starting with ~0.3 mM
CoSO4 solution. Ionic CoII species are easily adsorbed on the surface of the condensation
nucleus and condensed Co(OH)2 is more likely to form stable nucleates or clusters of CoII
species (Cox(OH)2y(x-y)+) dispersed in solution.

Because particles do not grow, no

particles could collect when the test solutions were initially deaerated.
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14

The presence of an oxidizing agent (O2) in aerated solutions allows a small fraction of the
initial clusters of Cox(OH)2y(x-y)+ to oxidize to CoIII and form nearly insoluble CoOOH:
4 Co(OH)2 + O2  4 CoOOH + 2 H2O

(3.5)

The solubility of CoOOH is negligible at all pHs [26]. The formation and precipitation of
CoOOH accelerates agglomeration of the Cox(OH)2y(x-y)+ clusters in solution. The result
can be seen in the TEM image (Figure 3.6) and XPS analysis (Figure 3.7) of the particles
collected from aerated test solutions without irradiation. The TEM image of the particles
collected at tRAD = 0 min shows small particulates congregated in a hexagonal shape and
XPS analysis identifies them mostly as Co(OH)2 with a small fraction as CoOOH. At pH
6.0 the solubility of CoII is sufficiently high (Figure 3.11) that no condensation (or
precipitation) was observed.
At pH 10.6, no significant reduction in [H2O2] in both aerated and deaerated
irradiated solutions (Figure 3.10b) although the conversion of Co II(sol) to CoIII(sol) is
much slower in deaerated solutions (Figure 3.4). These observations can be explained by
the difference in the rate of reduction of CoOOH to Co(OH)2 in aerated versus deaerated
solutions. Upon exposure to -irradiation, the CoII(sol) or CoII adsorbed on the particles
will be quickly oxidized to CoOOH by •OH and H2O2:
CoII(sol) + •OH

 [Co(OH)3 ] CoOOH + H2O

2 Co(OH)2 + H2O2  [2 Co(OH)3 ] 2CoOOH + 2 H2O

(3.6)

(3.7)

The electrochemical equilibrium potential for the Co(OH)2 and CoOOH redox reaction
(reaction (3.8c)) is relatively high, 0.36 VSHE at pH 10.6, where VSHE is the potential with
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respect to standard hydrogen electrode potential [21]. The Co II/CoIII equilibrium potential
is still lower than the equilibrium potentials for the redox reactions of OH/•OH and
OH/H2O2, and hence CoII can be oxidized by •OH and H2O2. However, H2O2 can also
oxidize to O2, reaction (3.8b). This reaction can thus couple with the reduction of
CoOOH (3.8a):
2 CoOOH + 2 H+ + 2 e  2 Co(OH)2

(3.8a)

H2O2  O2 + 2 H+ + 2 e

(3.8b)

Net:2 CoOOH + H2O2  2 Co(OH)2 + O2

(3.8c)

The standard potential for equilibrium (3.8a) is Eo = 0.695 VSHE [32]. The equilibrium (or
Nernst) potential depends on pH and the concentrations of H2O2 and dissolved O2. At pH
10.6, the equilibrium potential for the H2O2 oxidation equilibirum is ~0.20 VSHE when
[O2]/[H2O2] = 10-3 and ~0.38 VSHE when [O2]/[H2O2] = 1.

Thus, at a low dissolved

oxygen concentration, the equilibrium potential for (3.8a) lies below that of
Co(OH)2/CoOOH. That shifts the equilibrium (3.8c) to the right and the net production
of CoOOH will be slow, and so will be the subsequent irreversible conversion of CoOOH
to Co3O4. Consequently no observation of any Co3O4 formation in deaerated solutions.
At a higher [O2] the equilibrium of reaction (3.8c) shifts to the left. The net production of
CoOOH is increased in aerated solutions, and we in turn see production of Co3O4.
The mixed CoII/III oxide, Co3O4, is thermodynamically more stable than CoOOH.
However, the oxidation of Co(OH)2 to CoOOH is kinetically more facile than oxidation
to Co3O4. Thus, CoOOH will be formed first. At longer times CoOOH will be converted
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to the thermodynamically more stable Co3O4 by irreversible processes such as
polycondensation of CoOOH and Co(OH)2:
2 CoOOH + Co(OH)2  Co3O4 + 2 H2O

(3.9)

The conversion of CoOOH to Co3O4 is also accelerated by the radiolytic reduction of
CoOOH, reaction (3.10) coupled with reaction (3.8a) resulting in the net reaction (3.11):
3 CoOOH + H+ + e  Co3O4 + 2 H2O

(3.10)

6 CoOOH + H2O2  2 Co3O4 + O2 + 4 H2O

(3.11)

The reactions of H2O2 with cobalt species (reactions 3.7, 3.8 and 3.10) are similar to the
Fenton reactions with iron species [33]. We think the Fenton-like reaction occurs more
readily under irradiation since the semi-conducting oxide nanoparticles become
conducting due to photons with a wide range of energy. The band gap of CoO/Co 3O4 has
been reported to be in a range of 1.4-2.1 eV [8] and electrocatalytic properties of cobalt
oxides [33,34] have been reported in literature.

3.3.4

Reaction of H2O2 with CoII under un-irradiated conditions
To isolate the role of H2O2 from that of •OH as an oxidizing agent, the reaction of

CoII and H2O2 was studied as a function of [H2O2] in a range of 0.1 mM to 10 mM in
aerated or deaerated solutions at pH 10.6 with no radiation present.

For all test

conditions, even after a few weeks of reaction time, we could not detect the formation of
any Co3O4 particles by the PAR method, TEM or XPS. These results confirm that some
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radiolysis product, and most likely the hydroxyl radical, is necessary in the mechanism to
form cobalt oxide nanoparticles. Normally radical species are not very effective in
participating in reactions on particle surfaces due to their low concentrations and the
distances required to diffuse to a particle surface.

However, under -irradiation,

nanometer-sized colloid particles will be evenly dispersed in the solution and •OH is
produced continuously and uniformly throughout the solution. Thus, •OH does not have
to diffuse far to reach the particle interface where it can react to form Co III species which
can then adsorb on the particle. Hydrogen peroxide is also involved in the oxidation of
hydrated CoII in the aqueous phase or on the surface of the Cox(OH)2y(x-y)+ clusters
(reaction (3.7)). However, H2O2 is also equally effective in reducing CoIII back to
hydrated CoII (reaction (3.8)) but the net rate of reduction is greatly reduced with O2
present. The conversion of hydrated CoII and CoOOH is fast due to the reactions (3.6)
and (3.7) under irradiation, and their concentrations reach pseudo equilibrium. Once
formed CoOOH is irreversibly converted to Co3O4 via reactions (3.9) and (3.11).
Reaction (3.9) is, however, slow, whereas surface reduction of CoOOH to Co3O4 by
H2O2 (3.11) is fast. Hydrogen peroxide alone cannot produce enough CoOOH to form
Co3O4, and consequently no particle formation was observed in the absence of radiation.

3.3.5

Kinetic behaviour of radiolysis products, H2O2 and H2
Previous radiolysis kinetic studies [21,35,36] have shown that the concentration

of H2 produced by continuous -radiolysis is determined mainly by the primary radiolysis
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production rate of H2 (the primary yield for H2 multiplied by the dose rate) and the rate of
its reaction with •OH:
H2 + •OH  H2O + H•

k3.12 = 2.3  108 M-1s-1

( 3.12)

The decrease in [H2] in irradiated solutions of CoII(sol) (Figure 3.10) thus indicates that
there is an increase in [•OH] in the solutions. This increase in [•OH] is attributed to a
decrease in [H2O2]. In addition to reaction with H2 (reaction (3.12)), •OH reacts with
CoII, •O2, and H2O2 [36]:

Co2+ + •OH  Co3+ + OH

k3.13 = 1.6  106 M-1s-1

(3.13)

•OH + •O2  O2 + OH

k3.14 = 8  109 M-1s-1

(3.14)

•OH + H2O2  HO2• + H2O

k3.15 = 2.7  107 M-1s-1

(3.15)

The presence of CoII in solution will decrease the [H2O2] due to reactions (3.7), (3.8) and
(3.11). A decrease in [H2O2] leads to a reduction in the rate of reaction (3.15). This
compensates for the rate of loss of •OH due to reaction (3.6) (or 3.13) and causes an
increase in [•OH] which then causes a decrease in [H2].
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3.4 MECHANISM OF RADIOLYTIC PRODUCTION OF Co3O4
NANOPARTICLES

3.4.1

Mechanism for Co3O4 nanoparticle formation
A mechanism for Co3O4 particle formation that is consistent with all of the

observations is summarized schematically in Figure 3.12. Radiation-induced formation of
Co3O4 nanoparticles requires the presence of stable nucleates of CoII species
(Cox(OH)2y(x-y)+). Upon exposure to -irradiation, the CoII adsorbed on the nucleate will
be quickly oxidized to CoOOH by the oxidizing radiolysis products •OH and H 2O2, via
reactions (3.6) and (3.7). The CoOOH then undergoes polycondensation with Co(OH)2 to
form Co3O4. The conversion of CoOOH to Co3O4 is accelerated in the presence of H2O2
via reaction (3.11). The proposed mechanism can explain the pH dependence (via its
influence on the formation of CoII nucleates), and the dissolved oxygen dependence of
the process (via its influence on the stability of H2O2 (reaction (3.8b)) and the observed
behaviour of water radiolysis products of H2 and H2O2.
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Figure 3.12: Schematic of the mechanism proposed for radiation-induced cobalt oxide
colloid formation.
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3.4.2

Comparison of the mechanisms for cobalt and iron systems
Previous studies on the radiolytic formation of iron oxide colloids from dissolved

ferrous ions have shown that oxidation of FeII(aq) to less soluble Fe(OH)3 provides
nucleation sites for particle growth and that this oxidation is very fast [25]. Compared to
the analogous cobalt reaction (3.12), the rate of FeII(aq) reaction with •OH is two orders
of magnitude higher with a rate constant of 2.3  108 M-1s-1[36]. Likewise, the net
oxidation of FeII by H2O2 is faster than the similar oxidation of CoII as discussed earlier.
Subsequently ferrous ions are continuously adsorbed and oxidized on the nucleate,
growing them into nano-scale -FeOOH particles. The final size and morphology of the
particles is regulated by the radiolytically-induced steady-state redox conditions at the
water-solid particle interface and the phase of the oxide.
The cobalt system behaves similarly to the iron system in the sense that the
formation of the final nanoparticles occurs via an oxidation process, oxidation of the
CoII(sol) to CoOOH in the case of cobalt. The differences between the particle formation
process for the two transition metals lie with the particle nucleation stage. In the case of
cobalt, the presence of O2 in solution is required to drive the formation of insoluble
CoOOH. For iron this oxidation step is not required and radiolytic oxidation of FeII to
less soluble Fe(OH)3 provides nucleation sites. The radiolytic conversion of CoII(sol) to
insoluble CoIII oxides/hydroxides is also slower than the solution production of in iron
species due to the high redox potential of this process for Co. Direct oxidation of CoII by
O2 is therefore required to supplement slow radiolytic oxidative production of nucleates
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in the cobalt system. Thus, for the cobalt system, the Co II clusters formed at high pH act
as the nucleation sites on which further oxidation of CoII(sol) to CoOOH occurs.
For the iron system, even though the initial nucleation step is fast and the growth
of denditric -FeOOH particles is also fast (≤ 60 min), the conversion of -FeOOH to the
thermodynamically more stable Fe3O4 is slow due to the stability of -FeOOH. Hence no
observation of Fe3O4 formation in irradiation tests lasting 300 min. In contrast, for
cobalt the reduction of CoOOH to Co3O4 (reaction (3.10)) can be effectively coupled
with the oxidation of H2O2 to O2 (reaction (3.8b)) and the conversion of CoOOH to
Co3O4 within 300 min of irradiation time observed.

3.5

CONCLUSION
This study demonstrates that radiolysis of dilute cobalt solutions can produce

highly uniform, nanometer-sized cobalt oxide particles. The particle formation process
has implications for those interested in controlling or removing dissolved cobalt from
water systems. The particle formation process has the potential to be used as a practical
method of production of cobalt nanoparticles for many applications.
At high pH, the presence of insoluble Co(OH)2 in an aerated solution subjected to
gamma irradiation creates nucleation sites on which further oxidation of Co II by the water
radiolysis products (•OH, H2O2) can occur. The resulting CoOOH then rapidly converts
to more stable Co3O4 nanoparticles. The formation of the nanoparticles is accelerated by
the presence of O2 in solution as this drives an equilibrium that favours the formation of
CoOOH.
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A key difference controlling the particle formation process in the iron and cobalt
systems is the electrochemical potential of the oxidation of M II to MIII. This influences
the rate of formation of insoluble M3+ nucleation sites on which further oxidation can
occur leading to the formation of metal oxide nanoparticles.

3.6
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Chapter 4
Gamma-radiation induced formation of chromium oxide nanoparticles
from dissolved dichromate2

4.1

INTRODUCTION
Nano-scale chromium oxide particles have numerous applications. Depending on

their crystalline size and morphology, they are used as green pigments [1], heterogeneous
catalysts [2], coating materials for thermal protection [3], coatings for wear resistance [4],
and as electrochromic materials [5]. The high melting point (2435 oC) and the oxidation
resistance of this oxide also makes it an important refractory material, although its
sintering ability is poor [6,7]. In addition to improving pigment opacity and catalytic
activity, reducing the chromium oxide particle size could improve its sintering ability by
decreasing the required sintering temperature and by increasing the density of the sintered
powder [6,7].
Chromium oxide nanoparticles have been synthesized by various techniques such
as hydrothermal reduction [8], solution combustion synthesis [9], sonochemical reaction
[10], laser-induced pyrolysis [11], hydrazine reduction and thermal treatments [12],
supercritical alcohol synthesis [13], condensation-polymerization [14], precipitationgelation [15], gas condensation [16], microwave plasma chemistry [17], and sol-gel
methods [18]. The major drawbacks of most of these methods are a broad particle size

2

[L.M. Alrehaily, J.M. Joseph, A.Y. Musa, D.A. Guzonas, J.C. Wren, Phys. Chem.
Chem. Phys., 15 (2013) 98.]-Reproduced by permission of the PCCP Owner Societies.
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distribution, low yield, and agglomeration of the particles. The methods also tend to be
complex and require chemically harsh conditions and/or high processing temperatures.
Radiolysis is a promising new technique for generating nano-scale particles with a
narrow size distribution [19,20]. Radiation-induced nanoparticle formation also does not
require the chemical additives and stabilizers for particle size control that are used in
other conventional methods [21]. This eliminates undesired effects of these chemicals on
the nanoparticle structure and chemical composition.
The conversion of CrVI to CrIII using ionizing radiation could be used as an
environmental protection process. Chromium, as CrVI, is toxic and considered to be
carcinogenic, while chromium, as CrIII, is an essential micronutrient for humans [22].
CrVI is used in a wide range of industrial processes such as electroplating, tanning, and
steel manufacturing [23]. Any CrVI-contaminated wastewater has to be treated to reduce
CrVI to less harmful CrIII before it can be safely discharged into the environment.
Common techniques used for this reduction include electrolysis [24], photochemical
reduction [25], chemical reduction [26] and biological reduction [27]. These methods
require the use of reagents, can have a low efficiency, and can be dependent on the water
chemistry (particularly pH). Radiation-induced reduction of CrVI to CrIII is a technique
for the treatment of CrVI-contaminated waste water that does not have these
disadvantages [28].
When exposed to ionizing radiation, water decomposes to form a range of
chemically reactive radical and molecular products [29,30]:
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H2O



•OH, •eaq , •H, H2, H2O2, H

(4.1)


These products react with one another to form secondary species such as O2, •O2 and
•O3. The water radiolysis products range from highly oxidizing (e.g., •OH, H2O2 and O2)
to highly reducing (e.g., •H, •eaq– and •O2) and can readily change the oxidation state of
dissolved metal ions. The solubility of a transition metal ion can vary by several orders
of magnitude depending on its oxidation state and the solution pH. Thus, reactions that
can alter the oxidation state of a dissolved ion can lead to the condensation of insoluble
species and the formation of solid particles.
Nanoparticle synthesis by ionizing radiation has been reported by various groups
[31-33], but mechanistic studies of the nanoparticle formation process are very limited
[20]. The short-term pulse irradiation technique provides very useful information on the
initial homogeneous aqueous reactions that occur, but does not provide information on
particle growth and heterogeneous surface reactions that occur at longer times (orders of
magnitude beyond the duration of the irradiation pulse).
Recent studies have shown that uniform-sized colloidal particles of -FeOOH can
be formed by the radiolytic oxidation of dissolved FeII using continuous gamma
irradiation. the formation of nano-scale Co3O4 particles from the radiolysis of hydrated
CoII demonstrated[20,34]. In these processes the oxidizing power of water radiolysis
products is utilized for particle formation. This study report on the formation of Cr2O3
nanoparticles using water radiolysis to drive reduction of dissolved chromate ions. In
addition to demonstrating nanoparticle synthesis, This study provide a mechanistic
understanding of particle formation and growth kinetics. The particles that are formed
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are well characterized and the effects of the initial concentration of CrVI ions and pH on
the particle growth were investigated.
This chapter reports the formation of Cr2O3 nanoparticles using water radiolysis
to drive reduction of dissolved chromate ions. In addition to demonstrating nanoparticle
synthesis, A mechanistic understanding of particle formation and growth kinetics was
provided. The particles that are formed are well characterized and the effects of the
initial concentration of CrVI ions and pH on the particle growth were investigated.

4.2

EXPERIMENTAL
Solutions were prepared by dissolving an appropriate amount of high-purity

potassium dichromate salt purchased from Sigma-Aldrich (purity  99%). The salt is
highly soluble and the anion is present as either CrO42 or Cr2O72 depending on the pH
[35, 36]. The solutions are referred to as CrVI solutions hereafter. The concentration of
CrVI ranged from 0.1 to 10 mM. Concentrated NaOH solution was added to a Cr VI
solution to obtain the three pHs (6.0, 8.5 and 10.6) explored in this study. All solutions
were freshly prepared with water purified using a NANOpure Diamond UV Ultrapure
water system, with a resistivity of 18.2 Mcm. All deaerated solutions were prepared
inside an Ar-filled glove box (where the oxygen level was maintained below 0.1 vol %)
using pure water that was purged with ultra-high purity argon (impurity content less than
0.001%) for an hour [37]. The solutions were then transferred into 20-ml

glass vials

leaving no headspace and sealed using aluminum crimp caps with PTFE silicon septa
(Agilent Technologies). The sample vials were irradiated in a
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Co gamma cell (MDS

Nordion) as described in chapter 2. The gamma source provided a uniform absorption
dose rate of 6.7 kGyh1 in the water samples at the time of this study as determined using
Fricke dosimetry [30]. Since CrVI is a hazardous ion, handling precautions were taken in
preparing test solutions to prevent exposure to the skin or inhalation.
Following irradiation for a desired period, a series of chemical analyses of the test
solution were performed. Colloid particles were then collected for analysis (see below
for details). For analysis of dissolved H2, one half (10 mL) of the irradiated test solution
was transferred to a new 20 mL vacuum-tight vial using a gas-tight syringe (Hamilton).
Equilibration of the gas concentrations in the headspace above the solution and in the
aqueous phase was quickly established. A gas sample was extracted from the headspace
using a gas-tight syringe with a Luer lock (Agilent Technologies) and was analyzed using
a gas chromatograph with a thermal conductivity detector (GC-TCD, 6580 Agilent
Technologies) [37]. The aqueous phase H2 concentrations were calculated from the
measured gas phase concentrations using the known aqueous-gas partition coefficients
(0.019 for H2 at 25oC ([Caq]/[Cg], both concentrations in moldm3)). Using this method,
the detection limit for the aqueous [H2] was 1.0  105 moldm3 and the uncertainties in
the measurement arising from sampling and instrumental errors were estimated to be
50% at the low end of the measured concentration range and 0.005% at the high end of
the concentration range. The concentration of hydrogen peroxide in the test solution was
determined by the Ghormley tri-iodide method [38,39], as previously reported in chapter
2.
The solutions were analysed for their CrVI content using a UV-VIS
Spectrophotometer (BioLogic Science Instruments). The concentration of CrVI was
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determined by adding diphenylcarbazide (DPC) to a solution sample more details in
reference [40]. This reacts with CrVI to form a coloured complex that absorbs light at
540 nm [40]. A calibration curve for CrVI over the concentration range of 0.01 to 1mM
was generated. The molar extinction coefficient of 39032M1cm1 obtained from our
calibration curve is comparable to the reported value of 34400 M1cm1 [40], and our
calibration value was used to determine the concentration of chromium in our samples.
This colorimetric method is referred to as the DPC method hereafter. Gamma-irradiation
reduces CrVI to CrIII which then forms colloidal particles that are comprised of Cr(OH)3,
CrOOH, and Cr2O3.

The particles are collectively referred to as CrIII(col).

The

concentration of CrIII(col) dispersed in the solution samples was determined by first
oxidizing the CrIII(col) with potassium permanganate to form dissolved CrVI and then by
measuring the CrVI concentration in the samples using the DPC method. The CrIII(col)
concentration was calculated by subtracting the initially-determined dissolved CrVI
concentration from the total CrVI concentration determined after CrIII(col) oxidation.
Particles were collected from the sample vials for analysis by transmission
electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS), Fourier transform
infrared spectroscopy (FTIR) and Raman spectroscopy. For the XPS, FTIR and Raman
analyses the particles were collected by centrifuging the solution and then drying the
precipitate on a glass plate in an Ar-purged glove box. Samples for TEM were collected
by dipping a carbon-coated copper grid into the irradiated test solution and then drying
the sample grid in air. FTIR spectroscopy was performed with a Bruker, Vertex 70v in
the 400 to 4000 cm−1 range. The TEM images were obtained with a Philips Electronics
Ltd. TEM with the electron microscope operated at 80 keV. XPS spectra were acquired
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on a KRATOS Axis Nova spectrometer using monochromatic Al K (alpha) radiation and
operating at 210 W with a base pressure of 108 Pa. The analysis depth of the XPS
instrument is 6-7 nm. Raman scattering measurements were performed using a Renishaw
model 2000 Raman spectrometer with a laser excitation wavelength of 633 nm.

4.3

RESULTS AND DISCUSSION

4.3.1

Experimental observations
A series of tests was performed with CrVI solutions that were aerated (by purging

with air) for 1 h prior to testing. These tests included a range of CrVI concentrations and
solution pHs. In all of these tests no changes in the test solutions were observed, with
and without extended periods of gamma irradiation, and no particle formation was
observed. All the data presented and discussed below are for tests that were performed
using de-aerated solutions.
Figure 4.1 shows the photographs and UV-Vis spectra of 0.1 mM CrVI solutions
at pH 8.5 that were irradiated for different time periods (tRAD). These images were taken
after transferring the solutions from the irradiated test vials to new, clear vials because
the test vials darken during irradiation. The solutions change from yellow, characteristic
of dissolved CrO42/Cr2O72, to colourless as the irradiation time increases. The colour
change is shown more quantitatively by the decrease in the UV-Vis absorption intensity
of the solutions at 370 nm (the known absorption peak for CrO42) with increasing tRAD.
The good agreement between the decrease in the UV-Vis absorbance and the change in
[CrVI] as determined using the DPC method is shown in Figure 4.2.
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Figure 4.1: Photographs of argon-purged solutions initially containing 0.1 mM CrVI at
pH 8.5 that were irradiated for different durations, and UV- Vis spectra
showing the decrease in the intensity of the absorbance peak of CrVI over the
same time period.
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Figure 4.2: The decrease in the height of the UV-Vis absorption peak at 370 nm and the
decrease in [CrVI] determined using the DPC method shown as a function of
irradiation time for deaerated solutions initially containing 0.1 mM CrVI at
pH 8.5.
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The concentrations of CrVI, CrIII(col) and H2, in the test solutions as a function of tRAD are
presented in Figure 4.3. The results for three different initial CrVI(aq) concentrations
(0.1, 0.3 and 0.5 mM) at three different pHs (6.0, 8.5 and 10.6) are shown.

The

concentration of another molecular radiolysis product, H2O2, measured also but its
concentration was below our detection limit (≤ 3  106 M) in all tests. The data show the
presence of two stages in the particle formation process. In stage 1, at any given [Cr VI]0
and pH, [CrVI] decreases linearly with time while [CrIII(col)] increases until most of the
initial CrVI is converted to CrIII(col). The chromium concentrations reach steady state
values in stage 2. The time to reach stage 2 increases with an increase in [CrVI]0 but is
independent of pH (over the range studied). The rates of change of the chromium species
concentrations in stage 1 were independent of [CrVI]0 or pH; the concentration vs. time
plots all have the same slopes:

−

𝑑[𝐶𝑟 𝑉𝐼 ]
𝑑𝑡

=

𝑑[𝐶𝑟 𝐼𝐼𝐼 (𝑐𝑜𝑙)]
𝑑𝑡

= (1.8 ± 0.2) × 10−7 𝑀 ∙ 𝑠 −1

(4.2)

The [H2] also increased with irradiation time in stage 1, but it did not reach a steady state
and continued to increase at a faster rate in stage 2.
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Figure 4.3: The concentrations of CrVI (a), CrIII (b) and H2 (c) measured as a function of
irradiation time at pHs 6.0 (), 8.5 () and 10.6 () for solutions initially
containing [CrVI] of 0.1 mM (solid symbols), 0.3 mM (half filled symbols)
and 0.5 mM (open symbols) lines to indicate the stages.
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All of the species that comprise the CrIII(col) (Cr(OH)3, CrOOH and Cr2O3) are
insoluble at all of the pHs used here [41]. However, the photographs of the test solutions
(Figure 4.1) show no evidence of any precipitate. There is no evidence that the test
solutions were supersaturated (no spontaneous formation of a solid precipitate was
observed at any time). The CrIII species must have condensed as particles less than 0.1
m in size (not visible to the naked eye) and formed a stable dispersed phase in the
solution (hence the designation of CrIII(col) as colloid). The presence of colloid particles
was confirmed by TEM analysis of particles collected from the irradiated test solutions.
The size and morphology of the colloid particles formed at various irradiation times were
examined. Figure 4.4 shows TEM images of chromium particles formed after 300 min
irradiation; three different [CrVI]0 (0.1, 0.5 and 10 mM) are compared. The particles are
relatively uniform in size, ranging from 9 to 30 nm and approximately spherical with
jagged edges. The average size of the particles is nearly independent of pH but increases
with [CrVI]0. The size of the particles also appears to increase with time until reaching a
final size (Table 4.1) and the time needed to reach the final size is longer for a higher
[CrVI]0 (Figure 4.3). It was difficult to collect particles when [CrVI]0 was less than 0.1
mM (hence the lower limit for the [CrVI]0 used in our study). Also, when the irradiation
time was very short the number density of the particles larger than a few nm was small.
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Table 4.1: Size ranges of the chromium oxide nanoparticles determined from TEM
images.

Irradiation time (tRAD)
[CrVI]0

60 min

300 min
pH 8.5

60 min

300 min
pH 10.6

0.5 mM

12-24.5 nm

21-22 nm

10-20 nm

15-28 nm

0.1 mM

9-13 nm

9-38 nm

8-20 nm

9-20 nm

The chemical and phase compositions of the CrIII(col) particles were analyzed
using Raman, FTIR and XPS. Due to the small particle size it was impossible to collect
sufficient particles for the spectroscopic characterization when [CrVI]0 was below 0.5
mM.

For the spectroscopic analyses, only the particles formed from the solutions

initially containing 10 mM CrVI that were irradiated for 300 min were analyzed. The
colour of the irradiated solution (Figure 4.5 a) is visibly green which is characteristic of
chromium (III) oxide [42] (Note that the green colour is not visible in Figure 4.1 due to
low concentration.) The particles collected from the irradiated solution were subjected to
three different treatments prior to analysis: (1) as collected (unwashed), (2) washing with
distilled water, and (3) washing followed by heating at 500 oC for 5 h in air. The
particles collected were washed with distilled water to remove any CrVI adsorbed on the
particles. The heating treatment was performed to remove any hydrated species on the
particle surface layers. The Raman spectrum of the unwashed particles whose TEM
image is shown in Figure 4.4 is shown in Figure 4.5. The unwashed particles have
jagged edges and a very narrow size distribution. The Raman spectrum of these particles
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shows the presence of CrVI species (as CrO42 or Cr2O72 depending on pH). Note that
Figure 4.5 shows the reference spectrum of CrVI dissolved in solution and not as adsorbed
CrVI.
The TEM images and the FTIR spectra of washed particles, and washed and
heated particles are shown in Figure 4.6. The reference spectra of Cr2O3 (purchased from
Alfa Aesar) and Cr(OH)3 (synthesized according to Biesinger et al. [43]) are also shown
in the figure. The spectrum of the washed particles matches the reference spectrum of
Cr(OH)3 while the spectrum of the washed and heated particles matches the reference
spectrum of Cr2O3.

Similar results obtained by XPS are shown in Figure 4.7.

Deconvolution of the XPS band for Cr 2-p (see reference [35] for deconvolution analysis
process) shows that the washed particles contain a higher fraction of Cr(OH)3 (72.9%)
than Cr2O3 (18.5%) while the washed and heated particles are almost pure Cr2O3 (98.6%).
The heating removes adsorbed water and converts Cr(OH)3 to Cr2O3.
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Figure 4.4: TEM images of chromium oxide nanoparticles formed after 300 min
irradiation for (a) 0.1 mM [CrVI]0, (b) 0.5 mM [CrVI]0 and (c) 10 mM[CrVI]0.

110

(a) Change in the solution phase

300 min irradiation

10 mM CrO42-

Cr(OH)3 /Cr2O3

2500
2500

Cr2O3

Standard

Cr
O
Cr2O 3
sample
2

15000
15000

2000
2000

3

Sample
Sample

1500
1500

Cr2O3

10000
10000

1000
1000
5000
5000

0

00
0

Solution
2CrO4

2

CrO42CrO
4

200

400

300

600

600

800

500
500

1000 1200 1400 0

900-1

1200

Raman shift (cm
1 ) 1
Raman
shift
/
cm
Raman shift (cm -1)

0

Intensity (Sample)
(standard)
Intensity
(sample)
Intensity

20000
20000

Intensity (sample)

(standard)
Intensity
(standard)
Intensity
Intensity
(Standard)
Intensity (standard)

(b) Particle analysis

1500

Raman shift (cm )
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Figure 4.6: The FTIR spectrum and TEM image of chromium oxide nanoparticles after
washing (a) prior to and (b) after heating. Also included are spectra for
Cr2O3 and Cr(OH)3 for comparison.

112

Intensity (103 counts)

(a)
6

Actual spectrum
Fitted spectrum
Cr(OH)3
Cr2O3

5

Cr(VI)

4
3
2
585

580

575

570

Binding energy (eV)
(b)

Intensity (103 counts)

1.6
1.4

Actual spectrum
Fitted spectrum
Cr(OH)3
Cr2O3

1.2
1.0
0.8
0.6
0.4
585

580

575

570

Binding energy (eV)
Figure 4.7: XPS spectra of washed chromium oxide nanoparticles showing the fit to the
different components of the particles (a) with no heating and (b) with
heating.
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4.3.2

Kinetic analysis
The results presented in Figure 4.3 show that the radiolytic conversion of CrVI(aq)

to CrIII(col) follows linear kinetics in stage 1. During the conversion [H2] also increases
linearly albeit at a slower rate. The particle analysis results indicate that the particle
growth occurs at a much slower rate than the reductive conversion and continues long
after most of the CrVI(aq) has been converted to CrIII(col). What reaction mechanism can
explain these observations?
When exposed to ionizing radiation, water decomposes to form a range of
chemically reactive species. The physical and physicochemical processes occurring in
water within the s time scale following the absorption of radiation energy have been
studied extensively [29, 44]. These studies have established that the distribution of the
water radiolysis products reaches homogeneity along the radiation track within 109 to
106 s. The chemical species formed at this time scale are referred to as primary
radiolysis products, and the primary radiolysis yields (often referred to as G-values) are
expressed as species formed per unit of absorbed energy (µmol·J1). For gammaradiolysis of water, the primary radiolysis products and corresponding G-values (in
parenthesis) are given below [37]:


H2O (0.41)

•OH (0.26),•eaq– (0.26), •H (0.06), H2(0.045), H2O2(0.07), H+(0.26)

(4.1)
These primary radiolysis yields are not affected by the presence of a solute at a
concentration less than 102 M [37]. Since the primary yields are reached at a very short
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time scale (< s) while chemical reactions in solution are slow, the yields can multiplied
by the radiation dose rate (J(kg H2O)1s1 = Gys1) to be the production rate of these
species by the incident radiation. Homogeneous aqueous phase chemical kinetics under
continuous gamma irradiation combines these yields with the subsequent reactions of
these species with each other, with water molecules, and, if present, with solute species.
The main water radiolysis product that is involved in the reduction of CrVI is the
hydrated electron, •eaq. In de-aerated solutions free of chromium species, the main
removal reaction for •eaq is ( rate constant from refrence [30] at 25°C)
•eaq + H3O+ → •H

𝑘4.3 = 2.25  1010 M1s1

(4.3)

The kinetics of the radiolytic reduction of CrVI by •eaq have been studied using pulse
radiolysis techniques [45]:
CrO42 + •eaq  products

𝑘4.4 = 1.8  1010 M1s1

(4.4)

The rate constant of this process is comparable to that of the reaction of •eaq with H3O+
and it is higher than the typical rate constant for a diffusion-limited reaction. The very
high rate constant is attributed to electron tunnelling [46]. Thus, when [CrVI]  [H3O+]
(4.4) becomes the main route for removal of •eaq.
The reduction of the poly-oxygenated CrO42 or Cr2O72 to Cr(OH)3-nn+(n = 1,2,3)
in water requires a change in the coordination structure of the chromium atom from
tetrahedral to octahedral [47]. The reduction also requires the loss of an oxygen atom
from the Cr coordination structure. In their pulse radiolysis study of CrVI reduction,
Buxton and Djouider found that intermediate CrV and CrIV species appear within a few s
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after the radiation pulse and the change in the coordination structure of the Cr atom
occurred when the chromium was in the CrV state [48]. In their study, they could not
follow the evolution of the chromium species to final products. Thus, it is difficult to
determine whether the overall reduction rate of CrVI to CrIII is as fast as the rate of
reaction (4.4) (effectively the rate for the first step in the CrVI reduction) or if there is a
slower rate-determining step later in the reduction.
The rate of the radiolytic reduction can then be expressed as:

−

𝑑[𝐶𝑟𝑂42− ]
𝑑𝑡

=

𝑑[𝐶𝑟 𝐼𝐼𝐼 ]
𝑑𝑡

−
= 𝑘𝐶𝑟 𝑉𝐼−•𝑒𝑎𝑞 ∙ [𝐶𝑟𝑂42− ] ∙ [• 𝑒𝑎𝑞
]

(4.5)

where 𝑘𝐶𝑟 𝑉𝐼 −•e𝑎𝑞 is the rate constant for reaction (4.4). The data in the top graph of
Figure 4.3 show that the rate of loss of CrVI follows a straight line with a slope that is
independent of pH and [CrO42]0. This slope is also the same in value, but with the
opposite sign, as the slope of the rate of increase in [Cr III(col)]. This result can also be
explained by radiolysis kinetics. Under continuous radiolysis conditions, the
concentration of a radical radiolysis product is determined by the primary radiolysis
production rate and the removal rates of the products [29, 37]:
− ]
𝑑[•𝑒𝑎𝑞

𝑑𝑡

−
= 𝐶𝑅 ∙ 𝐷𝑅 ∙ 𝐺•𝑒𝑎𝑞 − ∑𝑖 𝑘𝑖−•𝑒𝑎𝑞 ∙ [𝑖] ∙ [• 𝑒𝑎𝑞
]

(4.6)

where CR is a unit conversion factor, DR is the radiation energy absorption rate (1.87
Gys1 in this study where Gy = Jkg1), 𝐺•𝑒𝑎𝑞 is the primary production yield for •eaq
(0.26 molJ1) and ki eaq is the second order rate constant for the reaction of •eaq with
species i. At the studied pHs (> 6.0) and for [CrO42]0 (> 0.1 mM), reaction (4.4) is the
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main removal path for •eaq.

The allows to simplify equation (4.6) using the

approximation
−
−
∑𝑖 𝑘𝑖−•𝑒𝑎𝑞 ∙ [𝑖] ∙ [• 𝑒𝑎𝑞
] ≈ 3 ∙ 𝑘𝐶𝑟 𝑉𝐼−•𝑒𝑎𝑞 ∙ [𝐶𝑟𝑂42− ] ∙ [• 𝑒𝑎𝑞
]

(4.7)

The rate constant 𝑘𝐶𝑟 𝑉𝐼−•e𝑎𝑞 in equation (4.7) is the same rate constant used in equation
(4.5). The factor of three is necessary because the reduction of CrVIO42 to CrIII requires
reaction with three hydrated electrons (•eaq).
The rapid removal of •eaq ensures that [•eaq] will be at steady state during
continuous irradiation:
− ]
𝑑[•𝑒𝑎𝑞

𝑑𝑡

−
= 𝐶𝑅 ∙ 𝐷𝑅 ∙ 𝐺•𝑒𝑎𝑞 − 3. 𝑘𝐶𝑟 𝑉𝐼−•𝑒𝑎𝑞 ∙ [𝐶𝑟𝑂42− ] ∙ [• 𝑒𝑎𝑞
]≈0

(4.8)

so that
−
𝐶𝑅 ∙ 𝐷𝑅 ∙ 𝐺•𝑒𝑎𝑞 ≈ 3. 𝑘𝐶𝑟 𝑉𝐼−•𝑒𝑎𝑞 ∙ [𝐶𝑟𝑂42− ] ∙ [• 𝑒𝑎𝑞
]

(4.9)

and

−
[• 𝑒𝑎𝑞
]=

𝐶𝑅 ∙𝐷𝑅 ∙𝐺•𝑒𝑎𝑞

(4.10)

3∙𝑘𝐶𝑟𝑉𝐼−•𝑒

2−
𝑎𝑞 ∙[𝐶𝑟𝑂4 ]

Substitution of equation (4.9) into equation (4.5) yields:

−

𝑑[𝐶𝑟𝑂42− ]
𝑑𝑡

=

𝑑[𝐶𝑟 𝐼𝐼𝐼 ]
𝑑𝑡

1

= 3 ∙ 𝐶𝑅 ∙ 𝐷𝑅 ∙ 𝐺•𝑒𝑎𝑞

(4.11)

This analysis also shows that the rate of radiolytic reduction of CrO42 to CrIII is constant
with time, and independent of pH and [CrO42]0, consistent with the data shown in Figure
4.3.
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Equation (4.11) also predicts that the slope of the plot of [CrO42] versus time will
be 1/3 of the primary production rate of •eaq. The absolute values of the slopes of the
lines for the plots of [CrO42] vs t and [CrIII] vs t in Figure 4.3 are (1.80.2)  107 Ms1.
At the dose rate used in this study, the production rate CR  DR  Geaq is 5.2  107 Ms1.
This value is close to three times the slopes obtained from the data in Figure 4.3,
consistent with the prediction of equation (4.5).
In all tests with an aerated solution no conversion of CrVI to CrIII was observed.
This is because the O2 that is present in the solution provides a preferential partner for
removal of •eaq through the reaction:[37]
•eaq + O2 → •O2

k4.12= 2.2  1010 M1s1

(4.12)

The dissolved oxygen concentration in a fully aerated solution is ~2  104 M and can
effectively compete with CrO42 for •eaq.
Any chromium reduction products (CrV, CrIV or CrIII) can also react with •OH to
reform CrVI; the rate constant for the oxidation reaction of Cr III(aq) with •OH has been
reported to be in the range of 3.1 to 3.8  108 M1s1: [49,50]
CrIII(col) + •OH  product

k4.13= 3.8  108 M1s1

(4.13)

The steady-state concentration of •OH would be only slightly higher than that of •eaq
[37] (see further analysis below). Thus, this reaction is slow compared to the reduction
of CrVI (4.4) and hence will not influence the kinetics of the net conversion of CrVI to
CrIII until most of the CrVI has been converted.

Consequently, linear slopes were

observed in Figure 4.3 until most of the CrO42 was reduced.
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Hydrogen peroxide is another important water radiolysis product and it can act as
both a reductant and an oxidant in reactions with chromium ions:
2 CrO42 + 3 H2O2 + 2 H2O  2 Cr(OH)3 + 3 O2 + 4 OH

(4.14)

2 Cr(OH)3 + 3 H2O2 2 CrO42 + 4 H2O + 4 H+

(4.15)

These Fenton-like reactions can explain the negligible net production of H2O2. These
reactions are important for determining [H2O2], but are much slower than reactions (4.4)
and (4.12) and hence their contributions to the chromium redox chemistry are negligible.
As [CrIII] increases, reaction (4.13) provides a pathway for removal of •OH. At
steady state the time independent behaviour of [•OH] is given by: [37]
𝑑[•OH]
𝑑𝑡

= 𝐶𝑅 𝐷𝑅 𝐺•OH − ∑𝑖 𝑘𝑖 −• OH[i][• OH] ≈ 0

(4.16)

and
[• OH] ≈

𝐶𝑅 𝐷𝑅 𝐺•OH
∑𝑖 𝑘𝑖−•OH [𝑖]

(4.17)

At the start of a test, when [CrIII] is very low the main paths for removal of •OH are
H2O2 + •OH  HO2• + H2O
H2 + •OH  •H + H2O

k4.18 = 2.7  107 M1s1

k4.19 = 4.2  107 M1s1

(4.18)
(4.19)

At early times [•OH] should be nearly independent of [CrVI]0 and this is what observed in
the lower graph of Figure 4.3. In stage 2, where [CrIII] is high, reaction (4.13) becomes
the dominant path for removal of •OH. This results in a decrease in the [•OH] and
therefore a decrease in the rate of reaction (4.19) and a consequent increase in [H2], again
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as seen in Figure 4.3. This is the expected behaviour of H2 as it is well established that
the concentration of [H2] is inversely proportional to [•OH] in water systems exposed to
continuous gamma irradiation [37].
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Figure 4.8: Schematic representation of the proposed mechanism for the radiolytic formation
of chromium oxide nanoparticles under steady state radiolysis.
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4.3.3

Particle growth mechanism
Figure 4.8 shows a schematic representation of the mechanism for the radiolytic

formation of Cr2O3 nanoparticles. Particle growth in stage 1 is very slow and no appreciable
particles could be collected for particle analysis (as discussed above). The Cr(OH)3 that is
formed in stage 1 is homogeneously dispersed and particle growth occurs by agglomeration
of CrIII driven by Brownian motion. No appreciable conversion of Cr(OH)3 to other oxides
occurs until all of the CrVI is consumed. As the particles of Cr(OH)3 grow they begin to
dehydrate and the inner oxide becomes Cr2O3. In stage 2, when the most of the CrVI has been
reduced, dehydration continues and the water radiolysis products participate in redox
reactions with chromium species on the particle surface. Eventually the system will reach a
steady state in which the particles are largely Cr2O3 and cyclic reactions of CrIII with •OH
and H2O2 and CrVI with •eaq and H2O2 occur at the liquid-solid interface:
eaq, H2O2
CrVI(ad)

CrIII(col)
OH, H2O2

The final size of the particles formed is determined by the steady-state redox conditions at
the particle liquid-solid interface.

The existence of adsorbed CrVI on the particles is

confirmed by the observation of CrVI on the unwashed particles that were collected (washing
removes the soluble CrVI). Distilled water not only dissolves the adsorbed CrVI but also
provides a different redox environment, changing the surface potential of the particles. This
can promote agglomeration of CrIII particles by Ostwald ripening [24]. Thus, when the
particles were washed with distilled water after irradiation a wider range of size was
observed (Figure 4.6).
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4.4

CONCLUSION
Uniform-sized CrIII colloidal particles, 9-30 nm in diameter, were formed by gamma-

irradiation of de-aerated solutions of dissolved CrVI (as K2Cr2O7) at pHs 6.0, 8.5 and 10.6. A
radiation-induced Cr2O3 particle formation and growth mechanism is proposed based on the
observed time-dependent behaviours of [CrVI], [CrIII(col)] and [H2], particle analyses by
TEM and a range of spectroscopic techniques. In stage 1, the homogeneous aqueous
reduction of CrVI to CrIII(col) by •eaq is prevalent while particle growth by agglomeration of
CrIII(col) (as Cr(OH)3) by Brownian motion is taking place at a slow rate. As the Cr(OH)3
particles grow, the interior of the particles dehydrates to form Cr2O3 while the outer layer
remains hydrated. However, the dehydration rate is very slow since Cr(OH)3 is a relatively
stable phase. In stage 2, most of the initial CrVI has been converted to Cr(OH)3 and has
condensed onto particles.

Redox reactions of chromium species occur on the particle

surfaces. The surface redox reactions reach an equilibrium state with cyclic reactions of Cr III
oxidation by •OH and H2O2 and CrVI reduction by •eaq and H2O2. The final particle size
distribution is determined by the steady-state redox conditions that are established at the
liquid-solid interface.
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Chapter 5
Radiation-Induced Cobalt-Oxide Nanoparticle Formation: Kinetics of
Particle Size Control

5.1

INTRODUCTION
Transition metal oxide nanoparticles (such as iron oxide, chromium oxide and cobalt

oxide) have many potential useful applications. The magnetic, catalytic, optical, and
electronic properties of these metal oxides are determined by the size, structure and shape of
the particles that they form [1,2]. For example, spinel-type cobalt oxide (Co3O4)
nanoparticles have been used as heterogeneous catalysts, selective absorbers of solar
radiation [3], and anode materials for rechargeable Li ion batteries [1]. The properties of
Co3O4 nanoparticles make them promising materials for electronic devices [4], gas sensors
[5], magnetic materials [6], electrochromic devices [7], and electrochemical anodes for
sensors [8].
Cobalt oxide nanoparticles have been synthesized by several physical and chemical
methods including spray pyrolysis [9], chemical vapour deposition [5], sol-gel techniques
[10], pulsed laser deposition [11], thermal decomposition of solid cobalt nitrate [12], and
hydrothermal synthesis [1]. These methods are either complex, or require chemically harsh
conditions and/or high processing temperatures for the synthesis of nano-scale crystalline
Co3O4 particles. Drawbacks of these methods include a low level of control over particle
size and composition, and a difficulty in generating a pure, single-phase product. Radiation-

128

induced nanoparticle formation is a promising new technique that addresses these
drawbacks.
When exposed to ionizing radiation, water decomposes to yield a range of chemically
reactive species. For -radiolysis at room temperature, the primary radiolysis products
(formed within ~ 100 ns following the absorption of radiation energy) and their yields per
absorbed radiation energy (in brackets in units of molJ-1) are [13,14]:
H2O

•OH(0.26), •eaq–(0.26), •H(0.06), H2(0.045), H2O2(0.075), H+(0.26)

(5.1)

These chemical yields per unit energy input are very high. Such high yields, particularly for
the radicals, cannot be obtained by thermal processes and gamma-radiolysis is the most
effective way of producing these reactive species. Due to the long penetration depth of a
typical -ray in water (~20 cm for a half reduction in intensity), these species can be
produced nearly uniformly within a reasonably large volume of water. The combination of
high densities of redox reactive species and their uniform production and distribution in
solution can provide ideal conditions for promoting homogeneous redox reactions.
If the product of a reaction of a dissolved species with a radiolysis-generated species
has a significantly different solubility from that of the reactant, then a solid product can be
formed. Rapid condensation can create homogeneously distributed nucleation sites onto
which the radiolysis-induced oxidation or reduction product can continue to deposit and
grow the particle size. Because a very large number of nucleation sites are generated
simultaneously and homogeneously, this process leads to the formation of nanoparticles with
a narrow, uniform size distribution. This principle has been applied in making noble metal
nanoparticles (of silver and gold) from dissolved metal ions, taking advantage of the strong
reducing power of •eaq– produced by radiolysis [15-19].
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The formation of nanometer-sized -FeOOH and Co3O4 particles by continuous irradiation of solutions containing dissolved Fe2+ (added as FeSO4) and Co2+ (as CoSO4)
respectively without any other chemical additives were recently reported [20,21]. In these
studies the advantage of the strong oxidizing power of •OH and H2O2 have taken rather than
the strong reducing power of •eaq–, and of the large difference in the solubility of the
oxidation products which then precipitate as metal oxide nanoparticles.
In the case of cobalt, -radiolysis converts soluble CoII to less soluble CoIII oxide and
hydroxide [20]:
Co2+(aq)

Co3O4(s)

(5.2)

In cobalt study the investigated of the nanoparticle formation as a function of pH and
dissolved O2 concentration, and found that the nanoparticles were formed only under
conditions that promote CoII adsorption on the particles that grow. Based on the observed
effects of pH and dissolved oxygen on the oxidation kinetics of Co II to CoIII and the final
size of the particles, a mechanism was propsed in which CoII/CoIII hydroxide condensates act
as nucleation sites on which radiolytically-induced heterogeneous oxidation processes can
occur. The particles grow as a CoOOH phase which is converted to Co3O4 at longer
irradiation times.
This chapter include report on an investigation of the effects of radical scavengers, (tbutanol for •OH, N2O for •eaq, and dissolved O2 for both •OH and •eaq) on -radiationinduced cobalt oxide nanoparticle formation. The intent was to confirm the role of •OH in
the reaction kinetics. Tertiary-butanol is a well-known scavenger for the oxidizing radical
OH (rate constant from ref [22]).
(CH3)3COH + •OH  •CH2(CH3)2COH + H2O
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k5.3 = 6  108 M-1s-1

(5.3)

On the other hand, both N2O and O2 are efficient scavengers of the reducing radical, eaq
(rate constants from ref [23]):
N2O + •eaq + H2O  N2 + •OH + OH
O2 + •eaq  •O2–

k5.4 = 8.6  109 M-1s-1
k5.5 = 2.2  1010 M-1s-1

(5.4)
(5.5)

The products of the reactions of N2O and O2 with •eaq– are, however, different. The N2O
reaction with •eaq produces an oxidizing radical while the reaction with O2 produces
superoxide (•O2), a weaker reductant.
The cobalt oxidation kinetics were followed by measuring the concentrations of CoII
and CoIII as a function of irradiation time. The particles formed after 5 h of irradiation were
collected and characterized by TEM and Raman spectroscopy.

5.2

EXPERIMENTAL
Cobalt solutions (0.1 mM) were prepared by dissolving high-purity cobalt (II) sulfate

obtained from Sigma-Aldrich (purity  99%). The t-butanol obtained from Sigma-Aldrich
was of high purity (purity  99%). Gas containing 50% N2O in Ar was purchased from
Praxair (impurities < 0.001%). All solutions were freshly prepared with water purified using
a NANOpure Diamond UV ultrapure water system, with a resistivity of 18.2 Mcm. The
pH was adjusted to 10.6 using a concentrated NaOH solution.

The pH value was chosen

based on the solubilities of CoII and CoIII species [24]. The solubility of CoII is at a
minimum (~10-6 M) at pH 10.6 whereas it is many orders of magnitude higher (~1 M) at pH
6.0. The solutions were either aerated by purging with high purity air (Praxair) or de-aerated
by purging with high purity Ar for one hour. Using a syringe, 10 ml of the test solution was
transferred to a pre-sealed 20-ml vial [25]. All experiments were performed with a gas
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headspace in the test vial. For experiments performed with N2O, the test solutions were
purged with N2O gas for about 15- 20 min. The test vials were irradiated in a 60Co gamma
cell (MDS Nordion) as described in chapter 2. The gamma source provided a uniform
absorption dose rate of 4.5 kGyh-1 in the water samples at the time of this study.
Following irradiation for a desired period, a series of chemical analyses of solution
species was first performed.

Colloid particles were then collected for various particle

analyses. A liquid sample removed from the vial using a syringe was analyzed for Co III
content by UV-VIS absorption (BioLogic Science Instruments). The solution cobalt species
and H2O2 content were subsequently quantified by colorimetric analysis.
The total concentration of dissolved CoIII present in the test solution was determined
by reacting a sample from the solution with 4-(2-pyridylazo) resorcinol (PAR) to form a
coloured complex that absorbs light at 510 nm with a molar extinction coefficient of 5.6 ×
104 M-1cm-1 [26]. To determine the concentration of CoII present, any CoII in the sample was
then oxidized to CoIII by adding 1 ml of 3% hydrogen peroxide solution, allowing it to react
and then heating the sample to 100 oC in a boiling water bath to remove any unreacted
hydrogen peroxide. The CoIII concentration of this oxidized solution was then determined
again by the PAR method described above.

The difference between the total cobalt

concentration (determined after oxidation) and the concentration of Co III determined prior to
the hydrogen peroxide treatment was taken to be the concentration of Co II in the solution
phase. Using this method, the detection limits for both [CoII] and [CoIII] were 1 M [26].
The validity of the PAR method was confirmed by measuring the concentration of Co II in
our initially prepared CoSO4 solutions.
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The concentration of hydrogen peroxide in the test solution was determined by the
Ghormley tri-iodide method [27] in which I– is oxidized to I3– by H2O2 in the presence of
ammonium molybdate as a catalyst, followed by spectrophotometric measurement of the I3–
concentration; I3– has a maximum absorption at 350 nm with a molar extinction coefficient
of 25500 M-1cm1 [28]. We tested for and observed no oxidation of I– to I3– by CoIII in our
test solutions.
Particles were collected from the sample vials for analyses by transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy. For
TEM the particles were collected by dipping a carbon-coated copper grid into the irradiated
test solution and drying the sample grid in air. Samples for the XPS and Raman analyses
were collected by centrifuging the solution and then drying the precipitate on a glass plate in
air. The sizes and shapes of the particles were measured using TEM with the microscope
operating at 80 keV. X-ray photoelectron spectra were acquired on a KRATOS Axis Nova
spectrometer using monochromatic Al K (alpha) radiation and operating at 210 W, with a
base pressure of 10-8 Pa. Raman scattering measurements to determine the particle chemical
composition were performed using a Renishaw model 2000 Raman Spectrometer with a
laser excitation wavelength of 633 nm.

5.3

RESULTS

5.3.1 Effect of Scavengers on the Type, Shape and Size of Nanoparticles
The effect of the radical scavengers t-butanol, N2O and dissolved O2 on radiationinduced cobalt oxide nanoparticle formation was investigated using solutions initially

133

containing 0.1 mM CoSO4 at pH 10.6. The studied solutions are listed in Table 5.1. The
concentration of dissolved O2 in an air-saturated solution is ~ 0.25 mM at 25 oC [13]. The
concentration of N2O in the N2O/Ar purged solution is estimated to be ~ 12.5 mM, half of
the solubility of N2O at 1 atm at 25 oC [29].

Table 5.1: Test solutions studied.

ID

no
scavengers
1

one type of
scavenger
3

2

Type of
solution

deaerated
only

deaerated &
0.1 M t-butanol

purged with
N2O/Ar

4

two types of
scavenger
5

aerated
only

aerated &
0.1 M t-butanol

No detectable particles were formed after 5 h of irradiation without any scavengers
present (solution 1) or with 0.1 M t-butanol only added (solution 2). The TEM images of the
particles formed in the solutions of with other three scavenging environments are presented
in Figure 5.1. The Raman spectra of these particles are compared with the reference spectra
of standard samples of various cobalt oxides and hydroxides in Figure 5.2. The spectra of
the particles all match the reference spectrum of Co3O4 very well, with no unidentified
peaks, and this indicates that the particles are all essentially pure Co3O4.
Although the particles formed are all the same species, their sizes depended on the
nature of the test solution. TEM images in Figure 5.1 show that the particles are: 8 – 20 nm
in the aerated only solutions (solution 4), 10 – 30 nm in the aerated with 0.1 M t-butanol
solutions (solution 5), and 60 – 80 nm in the N2O/Ar purged solutions (solution 3).
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(a)

(c)

(b)

100 nm

100 nm

100 nm

Figure 5.1: TEM images of cobalt oxide nanoparticles formed in 0.1 mM CoSO4 solutions
(5 h irradiation) in different scavenging environments: (a) aerated only, (b)
aerated and 0.1 M t-butanol, and (c) N2O/Ar purged.

(a)

Co3O4 Standard

(b)

Co3O4 Standard

12000

Relative Intensity
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2000

with N2O & deaerated
0

400

800
1200
-1
Raman Shift (cm )

CoOOH Standard

0

0

1600

400

800

1200

1600

-1

Raman Shift (cm )

Figure 5.2: (a) Raman spectra of the particles collected after 5 h irradiation of 0.1 mM
CoSO4 solutions at pH 10.6 in different scavenging environments (shifted
vertically for presentation) and (b) Raman spectra of standard cobalt
oxides/hydroxides.
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5.3.2 Effect of Scavenger on the Kinetics of Radiolytic Conversion of CoII to CoIII
To determine the mechanism by which the radical scavengers influence the size of
the particles that grow, the kinetics of radiolytic conversion of the initially dissolved Co2+
ions to Co3O4 particles were investigated by following the concentrations of CoII and CoIII as
a function of irradiation time. The rates of change of the [CoII] and [CoIII] obtained from the
same irradiation tests that produced the particles shown in Figure 5.1 are compared in Figure
5.3.

1.2x10

-4

1.0x10

-4

8.0x10

-5

6.0x10

-5

4.0x10

-5

2.0x10

-5

1

2

3
II

III

Co

Co
&
&
&

aerated only
aerated & 0.1 M t-butanol
purged with N2O /Ar

II

III

-3

[Co ] & [Co ] (mol.dm )

Stage

0.0
0

50

100

150

200

250

300

Time (min)
Figure 5.3: Concentrations of CoII (solid symbols) and CoIII (open symbols) as a function
of irradiation time for 0.1 mM CoSO4 solutions at pH 10.6 in different
scavenging environments: aerated only (&), aerated and 0.1 M t-butanol
(& ), and purged with N2O/Ar ( & ).
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In all three solutions that produced nanoparticles (solutions 3, 4 and 5), the changes
in [CoII] and [CoIII] during irradiation have at least two kinetic stages with distinctly
different time dependences. Previously, in similar experiments performed with a higher
initial CoII concentration we saw three separate kinetic stages. In that study, Stage 1, during
which [CoII] decreased very rapidly with time while no Co III was detected, was more clearly
seen and this occurred in the first 10 min, see further discussion below. In this current study,
there is some limited evidence in Figure 5.3 for a delay in the onset of Co III production,
which depends on the nature of the solution, and for consistency with the previous work it
would consider this evidence of Stage 1. Mass balance for cobalt species is not always
achieved in Stage 1 (the sum of [CoII] and [CoIII] is not constant between 70-90% depened
on scavenger environment of the solution). This mass imbalance is attributed to the
production of solid precipitates that could not be sampled for the cobalt speciation using the
PAR analysis method.
Stage 1 is followed by a faster decrease in [Co II] and increase in [CoIII] in the first 50
min (Stage 2). This is followed by a slower linear decrease in [Co II] and a linear increase in
[CoIII] (Stage 3) until total conversion is achieved. The rate of increase in [CoIII] depends on
the solution type in Stage 2, but it is independent of the solution type in Stage 3. In Stage 3
the rate of increase in [CoIII] is linear and equal to the rate of decrease in [Co II]; the slopes of
[CoII] and [CoIII] versus time are same in magnitude but with opposite signs. These rates are
about 4.5  10-9 Ms-1 and are nearly independent of the type of scavenger that is present.
Comparison of Figure 5.1 and Figure 5.3 shows that the more CoII that has been
converted to CoIII before Stage 3 begins, the smaller the final Co3O4 particles are. This
suggests that the rate of oxidation of CoII to CoIII in Stage 3 is controlled by the rate of
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growth of the Co3O4 particles, and that the rate of the Co3O4 particle growth is not limited by
the rate of oxidation of CoII either in solution or on a particle surface. If cobalt oxidation was
the rate limiting, we should see an effect of the scavenger type on the rate of particle growth.
However, we do see the effect the scavenger type on the rate of CoII oxidation in Stages 1
and 2.
The effect of individual scavengers on the oxidation kinetics of CoII to CoIII can be
better appreciated from the delay in the production of Co III, Figure 5.4. In a deaerated
solution without any scavengers (solution 1), CoIII was detected at very small concentrations
only after 200 min. No CoIII was observed after 5-h irradiation in the presence of the •OH
scavenger, t-butanol, whereas CoIII is observed almost immediately in the presence of an
•eaq scavenger, N2O or O2.
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Figure 5.4: Concentrations of CoII (solid symbols) and CoIII (open symbols) as a function
of irradiation time observed for 0.1 mM CoSO4 solutions at pH 10.6 in different
scavenging environments: aerated only (&), deaerated only (&),
deaerated and 0.1 M t-butanol (), and purged with N2O/Ar ( & ).

Cobalt oxide nanoparticle formation in aerated solutions containing a higher initial
concentration of CoSO4 (0.3 mM) previously reported [20]. The TEM images and the oxide
compositions of the particles formed in those tests as a function of irradiation time are
reproduced in Figure 5.5. The figure shows that particle formation progresses from initially
mostly Co(OH)2, to CoOOH, and then to Co3O4, with the conversion of CoOOH to Co3O4
occurring at times longer than 1 h. In the current study we could not collect enough particles
at short times to observe such a progression due to the lower initial CoSO4 concentration.
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Figure 5.5: Composition determined by XPS of particles collected as a function of
irradiation time from aerated solutions initially containing 0.3 mM CoII at pH
10.6. The corresponding TEM images of the particles formed at different times
are shown on top. These figures are adopted from Alrehaily et al. [20].

The cobalt oxidation kinetics observed in a 0.3 mM CoSO4 solution are compared
with those observed in a 0.1 mM CoSO4 solution in Figure 5.6. In a 0.3 mM CoSO4 solution
the [CoII] decreases to ~ 0.1 mM CoSO4 within ~10 min (Stage 1) during which CoIII
production appears to be negligible as the concentration of dissolved Co III is very low. After
this initial drop in [CoII] the rates of decrease in [CoII] in both solutions are nearly the same
but [CoIII] increases faster in the 0.3 mM CoSO4 solution than in the 0.1 mM CoSO4 solution
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in Stage 2. In Stage 3 the rate of increase in [CoIII] is the same as the rate of decrease in
[CoII] independent of the initial concentration of CoSO4. All the experiment data performed
more than 3 times and it showed the results are reperoducible.
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Figure 5.6: Concentrations of CoII (solid symbols) and CoIII (open symbols) as a function
of irradiation time in aerated solutions containing 0.1 mM (red) and 0.3 mM
(black) CoSO4 at pH 10.6.
The combined results presented in Figures 5.5 and 5.6 indicate that Stage 1 (< 10
min) corresponds to the formation of hexagonal particles (possibly a mixed CoII/CoIII
hydroxide, see discussion in Section 4.3), whereas Stage 2 (10 min to 60 min) corresponds to
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the formation of the small CoOOH particles, and Stage 3 corresponds to the formation of
slightly larger Co3O4 particles.
The combined results from the previous and current studies show that the rate of
oxidation of CoII to CoIII in Stage 3 is independent of the initial concentration of CoSO4 and
also independent of the type of radical scavenger that is present. The rate of radiolytic
conversion of CoII to Co3O4 nanoparticles in Stage 3 is not limited by the rate of oxidation of
CoII to CoIII (either in solution or on a particle surface), but by the rate of Co3O4 particle
growth.

5.4

DISCUSSION
The effects of different scavengers on the behaviour of irradiated cobalt solutions

suggest that different redox species may control the behaviour seen at different times. To
explore this, first consider the radiolytic production of oxidants and reductants, and the
hydrolysis and phase equilibria of cobalt species that can occur. A mechanism of radiationinduced particle formation that is consistent with the observations is then proposed.
5.4.1 Radiolytic production of oxidants and reductants
Gamma radiolysis of water produces a number of redox active species [25]:
H2O

{H2O+, e, H2O*}  •eaq, •H, H2, H+, H2O2, •OH

(5.6)

Under continuous irradiation these primary radiolysis products are continuously produced
and they then undergo aqueous phase chemical reactions with each other and the water
solvent species (H2O, H+, OH) to form secondary products such as O2 and •O2. The
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concentrations of radiolysis products typically reach steady state within minutes of initiation
of a continuous -radiation flux [14, 25].
The radiolysis products can also react with redox active solutes that are present. (The
probability of a solute species at a relatively low concentration (< 0.01 M) directly
interacting with the gamma radiation is very small and can be neglected.) These aqueous
phase chemical reactions are typically much slower than the reactions leading to formation
of the primary radiolysis products. (The half-life of an aqueous reaction is typically > 1 ms
whereas a homogeneous distribution of primary radiolysis products is achieved in < 1 s)
[13, 25]. However, solute reactions can have an impact on the longer term, steady-state
concentrations of the radiolysis products. Hence, the relative concentrations of the radiolysis
products and their effectiveness in driving a chemical reaction may change with time over an
irradiation period lasting longer than milliseconds.

Studies on steady-state radiolysis

kinetics can be found in references [14, 30-32].

5.4.2 Thermal conversion and equilibrium of cobalt species
Before considering the impact of radiation on a cobalt solution, it is necessary to
consider the solution chemistry of cobalt. For a given oxidation state, Co will exist in a
number of different chemical forms in solution. The Co2+ ions that enter solution following
dissolution and dissociation of the CoSO4 salt are very rapidly hydrolyzed to form both
neutral and ionic species, and the hydrolyzed species quickly reach equilibrium with each
other [24]:
Co2+ + 3 H2O  Co(OH)+ (aq) + H3O+ + 2 H2O
 Co(OH)2(aq) + 2 H3O+ + H2O
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 Co(OH)3 (aq) + 3 H3O+

(5.7)

Dissolved CoII species (referred to collectively as Co2+(aq) below) thus include Co2+,
Co(OH)+, Co(OH)2(aq) and Co(OH)3.
While the aqueous cobalt species are in hydrolysis equilibria, the neutral Co(OH)2
can condense as solid CoII hydroxide (Co(OH)2(s)) and establish a phase equilibrium:
Co2+(aq)  Co(OH)2(s)

(5.8)

The distribution of the CoII between solution and solid states is sensitive to the pH of the
solution due to the hydrolysis equilibria (reaction 5.7). The presence of a large surface area
or large numbers of small particulates (nucleates) will also shift the phase equilibrium of
reaction 5.8 to the right.
Similarly, CoIII can exist as a number of dissolved species (Co3+(aq)) (Co3+,
Co(OH)2+, Co(OH)2+, Co(OH)3(aq) and Co(OH)4) and these aqueous species are in phase
equilibrium with solid Co(OH)3(s):
Co3+(aq)  Co(OH)3(s)

(5.9)

Again the distribution of the CoIII depends on pH. This dependence is weaker than that of
CoII because the solubility of Co3+(aq) is several orders of magnitude lower than that of
Co2+(aq); in pure water free of SO42- the solubilities of CoIII and CoII species at pH 10.6 are
~10-13 M and ~ 10-6 M, respectively [24]. Hence, CoIII much prefers to exist in the solid
state.
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5.4.3 Radiation-induced cobalt oxide nanoparticle formation
The radiolytic production of Co3O4 particles involves many competing oxidation and
reduction reactions. The observed effects of different scavengers on the kinetics of this
process and the final sizes of Co3O4 nanoparticles that are formed can provide information
on the reaction pathways and the key reactions involved.
A reaction mechanism that is consistent with the observations is proposed and
schematically presented in Figure 5.7. This mechanism is similar to a mechanism proposed
previously to explain the behaviour of irradiated CoII in aerated solutions [20].

The

mechanism is further refined here based on the evidence of the changes in reaction kinetics
caused by the presence of selective radical scavengers. The mechanism consists of three
stages with the following key reactions/processes:
Stage 1: Radiolytic oxidation of CoII(aq) to CoIII(aq) species occur in the solution
phase, followed by spontaneous co-precipitation of mixed CoII/CoIII
oxide/hydroxide nucleation particles.
Stage 2: Adsorption of CoII on the particle surfaces continues while heterogeneous
redox reactions of CoII and CoIII occur at the aqueous-solid particle
interface. The particles grow into a CoOOH phase.
Stage 3: Solid-state conversion from CoOOH(s)/CoII(ad) to Co3O4(s) becomes rate
determining.
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Figure 5.7: Schematic of a mechanism for radiation-induced cobalt oxide colloid formation.
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The standard potential for the oxidation of Co2+(aq) to Co3+(aq) (Eo(Co2+/Co3+)) is
1.81 VSHE. This oxidation does not occur easily without the presence of a very strong
oxidant, such as •OH. Dissolved oxygen (O2), and even H2O2, are not sufficiently strong
oxidants to oxidize Co2+(aq). Water radiolysis produces •OH, and reaction with this
radical rapidly leads to oxidation (rate constant from reference [34]):
Co2+(aq) + •OH  Co3+(aq) + OH

k5.10 = 1.6  106 M-1s-1 (5.10)

However, water radiolysis also produces strong reductants that can quickly reverse this
process (rate constant from reference [34]):
Co3+(aq) + •eaq  Co2+(aq)

k5.11 = 4  1010 M-1s-1

(5.11)

Since these radical/ion reactions are very fast, the concentrations of Co2+(aq) and
Co3+(aq) quickly reach pseudo equilibrium or steady state, and the ratio of their
concentrations can be approximated to:
[Co3+ (aq)]

≈
[Co2+ (aq)]

𝑘5.10 [•OH]

(5.12)

𝑘5.11 [•e𝑎𝑞 − ]

Since the solubility of Co3+(aq) is several orders of magnitude lower than that of
Co2+(aq), the Co3+(aq) that is formed will tend to condense as Co(OH)3(s) (reaction 5.9).
Once the concentration of Co3+(aq) reaches a critical mass spontaneous condensation of
Co3+(aq) to Co(OH)3(s) occurs:
Co3+(aq) + H2O  Co(OH)3(s) + 3 H+

(5.13)

This promotes adsorption or co-precipitation of Co2+(aq) and forms mixed hydroxide
(CoIICoIII(OH)x) particle nucleates. The reduction of Co2+(aq) to Co0 by •eaq and the
precipitation of Co0 may also trigger the spontaneous condensation of CoII and CoIII
species.
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The condensed CoIICoIII(OH)x(s) particles become the nucleation sites for
Co2+(aq) species to continue to adsorb and oxidize to grow, first as CoOOH and then
converted to Co3O4 particles. As discussed below, the oxidation of a solid or adsorbed
CoII species is kinetically easier due to a lower activation energy than the homogeneous
oxidation of Co2+(aq) in solution. Thus, the less oxidizing species such as H2O2 (to OH)
can contribute to the cobalt oxidation. The reverse redox reaction of Co III to CoII on
surface also becomes easier, and less reducing species such as H2 (if it can accumulate in
solution) can contribute to the cobalt reduction. The net conversion from Co II to CoIII
particles at this stage is thus controlled by the less redox active species that have been
accumulated to sufficiently high concentrations in solution at longer times. Thus, the
overall rate for the oxidative conversion of Co2+(aq) to CoOOH(s) and Co3O4(s)
accelerates once a sufficient number of the CoIICoIII(OH)x(s) nucleation particles with
sufficient total surface area are formed.
Stage 1 attribute to the time required for the spontaneous condensation of the
CoIICoIII(OH)x(s) nucleation particles to occur. The delay observed in the conversion of
CoII to CoIII species can then be attributed to the time required to form a sufficient
number of the CoIICoIII(OH)x(s) nucleation particles onto which Co2+(aq) can continually
adsorb as Co(OH)2. The speed at which these nucleates with sufficient total surface area
are formed will depend on [Co3+(aq)]. Under -irradiation the [Co3+(aq)] and [Co2+(aq)]
in solution reach pseudo steady state very quickly and their concentrations depend on the
rates of these species interconversion reactions, primarily by reactions (5.10) and (5.11).
The different delay in the production of a detectable amount of Co III in different
solutions can then be explained by a scavenger’s impact on the concentrations of •OH
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and •eaq. The presence of t-butanol, a well-known scavenger for the oxidizing radical
OH (reaction 5.2), will reduce [•OH] and decrease the ratio of [Co3+(aq)] to [Co2+(aq)]
in equation (5.12). On the other hand, the presence of an •eaq scavenger, N2O and/or O2
(reactions 5.3.and 5.4), will increase the ratio of [Co3+(aq)] to [Co2+(aq)]. Accordingly,
no CoIII particles were formed in solutions containing only t-butanol, while no significant
delay in the production of a detectable amount of CoIII was observed in these solutions
(Figure 5.4).
Once a sufficient number of the CoIICoIII(OH)x(s) nucleates is formed, the
Co2+(aq) easily adsorb on the solid particles and the phase equilibrium (5.8) shifts
towards the formation of solid CoII or mixed CoII/CoIII hydroxides on the surfaces of the
nucleation particles. Most transition metal oxides/hydroxides, including cobalt
oxides/hydroxides, are semiconductors that can continually support electrochemical
oxidation of CoII. Electrochemical oxidation occurs more readily than the corresponding
homogeneous phase oxidation, because electron migration can occur through the
semiconductor substrate to other sites on the particle where corresponding reduction of an
aqueous species can occur. The standard potential for (Co(OH)2(s)  CoOOH(s)) is
0.695 VSHE [33], lower than Eo(Co2+(aq)/Co3+(aq)). This allows weaker oxidizing
species than •OH such as H2O2 to now participate in the oxidation of CoII to CoIII.
Once a sufficient number of nuclei are formed and CoII begins to condense, solid
state oxidation by H2O2 will become the dominant oxidation pathway:
2 Co(OH)2(s) + 2 OH  2 CoOOH(s) + 2 e + 2 H2O

(5.14a)

H2O2 + 2 e  2 OH

(5.14b)

2 Co(OH)2(s) + H2O2  2 CoOOH(s) + 2 H2O

(5.14c)
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This is followed by solid-state conversion:
CoOOH/CoII (s)  Co3O4(s) + H2O

(5.15)

The overall particle growth following nucleation is then:
Co(OH)2(s)  CoOOH(s)  Co3O4(s)

(5.16)

This particle growth mechanism is consistent with the observed two longer
oxidation stages (Stages 2 and 3). The rate of oxidation reaction (5.12) will depend on
[H2O2] and the surface area of Co(OH)2(s) on particles, while the rate of the solid-state
conversion reaction (5.15) is limited by slow oxide lattice rearrangement rather than
cobalt redox reaction. Due to its dependence on the [H2O2] the net rate of oxidation of
CoII to CoIII in Stage 2 (< 1 h in Figure 5.3) will depend on the scavenging environment
that influences [H2O2]. In Stage 3 after enough CoOOH(s) has formed, the net oxidation
of CoII to CoIII will be determined by the rate of reaction (5.15) (the slowest step in a
series of reactions) and the rate will be nearly independent of the scavenging environment
but mostly on temperature. These kinetic considerations explain why Stage 3 starts at
nearly the same time (~ 1 h) and the rate of conversion of Co II to CoIII in Stage 3 is the
same with different scavengers present (Figure 5.3).
The rate of oxidation of CoII to CoIII in Stage 2 is faster in aerated solutions than
in deaerated N2O solutions. This difference can be attributed to the different effects of O2
and N2O on the steady-state concentration of H2O2.

As noted in Section 4.1, the

concentration of H2O2 in irradiated water depends on a complex, linked set of reactions
[25]. Two key reactions are [25]:
H2O2 + •eaq  •OH + OH

k5.17 = 1.6  1010 M-1s-1

(5.17)

H2O2 + •OH  •HO2 + H2O

k5.18 = 2.7  107 M-1s-1

(5.18)
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Both N2O and O2 are effective in removing •eaq and any decrease in the [•eaq] will tend
to cause an increase in the [H2O2]. However, the reaction of •eaq with N2O produces •OH
(reaction 5.4) and this will tend to decrease the [H2O2] via reaction 5.17. Hence, the net
effect of N2O on the [H2O2] is moderate, balancing changes in •eaq and •OH. On the
other hand, the reaction •eaq with O2 produces •O2– (reaction 5.5) and this species can
react with •OH [25]:
•O2– + •OH  O2 + OH–

k5.19 = 8  109 M-1s-1

(5.19)

Although the steady-state concentration of •O2– is small, this reaction and reaction (5.11)
can form a catalytic cycle that can substantially reduce both the [•eaq] and the [•OH] and
tend to increase the [H2O2]. Thus, [H2O2] will be higher with O2 present, compared to
the concentration that will be seen with an equivalent amount of N2O present. This
explains what we see in Figure 5.4.
For a solution with both dissolved O2 and t-butanol present the behaviour is very
similar to that seen for a solution with only O2 present. With both O2 and t-butanol
present there is a competition between the reactions of the different scavengers, with the
t-butanol suppressing oxidation and the O2 supporting it. Because of the catalytic effect
of reactions 5.11 and 5.17, the effect of O2 on H2O2 is significantly larger than that of
t-butanol. Hence, the O2 in an aerated solution is capable of causing sufficient oxidation
to drive particle formation even with an oxidation suppressant present. In examining
Figure 5.3 we can see that the rate of increase in the [CoIII] in Stage 2 is greater for the
solution that is only aerated compared to a solution with both air and t-butanol present.
This shows the influence of the t-butanol in partially suppressing the oxidation by
consuming OH radicals.
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Given the above mechanism for Co oxidation and particle formation we are able
to understand the dependence of the particle sizes that are formed on the solution
environment. The particle sizes are: 8 – 20 nm in the aerated only solutions, 10 – 30 nm
in the aerated/t-butanol solutions, and 60 – 80 nm in the N2O purged solutions. These
sizes are in the inverse order of the [CoIII] that is reached at the time Stage 3 starts in the
different environments (see Figures 5.3, 5.4 and 5.6).
The more oxidizing the solution, the more rapidly Co3+(aq) is initially formed and
this leads to a larger number of CoIICoIII(OH)x condensation nuclei being created in
Stage 1. This in turn leads to a larger number of particles that are available to grow in
subsequent stages. The surface to volume ratio on the particles is greater for a larger
number of smaller particles and this supports faster CoIII oxidation in Stage 2. It also
means that because there are more small CoOOH particles, each particle is able to attract
and retain less cobalt for further conversion to Co3O4 in Stage 3, so the final particle sizes
are smaller. In the end, the amount of Co that accumulates in particles is about the same
for all oxidizing environments, with the aerated solution having many smaller particles,
the N2O solution having fewer larger particles, and the particles formed in an aerated/tbutanol solution lying in between in size and number.
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5.5

CONCLUSIONS
A mechanism for radiation-induced formation of Co3O4 nanoparticles is proposed

that is consistent with the observed effects of scavengers on the kinetics of oxidation of
CoII in solution to solid CoIII and the final size of Co3O4 nanoparticles that are formed. It
is proposed that the cobalt oxidation occurs in three steps: (1) the oxidation of Co2+(aq)
to Co3+(aq) in solution followed by condensation of CoOOH nucleates on which
Co(OH)2 can be adsorbed as Co(OH)2(s), (2) the oxidation of Co(OH)2(s) to CoOOH(s),
and (3) the solid-state conversion of Co(OH)2(s) and CoOOH(s) to form Co3O4(s)
particles.
The first step is predominantly oxidation of Co2+ by •OH formed by water
radiolysis. This is confirmed by tests with an •OH scavenger present (t-butanol) where
no oxidation is seen. The initial formation of CoIII occurs nearly immediately after the
start of irradiation with N2O and O2 present. Scavengers also affect the rate of the solid
phase oxidation by influencing the concentration of H2O2 in the system. This species
accumulates during steady-state radiolysis and is more effective at the surface oxidation
of CoII than •OH. Scavengers do not affect the rate of solid-state conversion and hence
the growth rate of Co3O4 is nearly the same in different scavenging environments.
The different particle sizes observed in different scavenging environments are
attributed to different rates of oxidation of Co(OH)2(s) to CoOOH(s). The final size of
Co3O4 nanoparticles formed is larger in the N2O/Ar purged solutions than in the aerated
solutions. The size of the nanoparticles in the aerated with 0.1 M t-butanol is in-between.
This study shows how steady-state water radiolysis kinetics, hydrolysis and phase
equilibria of cobalt ions and oxide species are linked. It also shows how appropriate
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adjustment of solution conditions and radical scavenger concentrations can be used to
produce Co3O4 nanoparticles with tailored sizes.
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Chapter 6
Radiation-Induced Formation of Chromium-Oxide Nanoparticles:
Role of Radical Scavengers on the Redox Kinetics and Particle Size

6.1

INTRODUCTION
Chromium oxide nanoparticles have many applications. They are used in making

high-temperature resistant and corrosion resistant materials, and as green pigments [1],
heterogeneous catalysts [2], coating materials for thermal protection [3], coatings for
wear resistance [4], and electrochromic materials [5]. Different applications require
different crystalline particle size and morphology. Chromium oxide nanoparticles have
been synthesized by a large number of physical and chemical techniques that include
hydrothermal reduction [6], solution combustion synthesis [7], sonochemical reaction [8],
laser-induced pyrolysis [9], hydrazine reduction and thermal treatments [10], supercritical
alcohol synthesis [11], condensation-polymerization [12], precipitation-gelation [13], gas
condensation [14], microwave plasma chemistry [15], and sol-gel methods [16]. The
major drawbacks of most of these fabrication methods are a large particle-size
distribution, a low yield, and agglomeration of the particles. The fabrication methods
also tend to be complex and require chemically harsh conditions and/or high processing
temperatures. Radiation-induced nanoparticle formation is a promising new technique
that can address some of these drawbacks.
When exposed to ionizing radiation, water decomposes to yield a range of
chemically reactive species. For -radiolysis at room temperature, the primary radiolysis
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products (formed within ~ 100 ns following the absorption of radiation energy) and their
yields per absorbed radiation energy (in brackets in units of molJ-1) are [17,18]:
H2O

•OH(0.26), •eaq–(0.26), •H(0.06), H2(0.045), H2O2(0.075), H+(0.26) (6.11)

These chemical yields per unit energy input are very high. Such high yields, particularly
for the radicals, cannot be obtained by thermal processes and gamma-radiolysis is the
most effective way of producing these reactive species. Due to the long penetration
depth of a typical -ray in water (~20 cm for a half reduction in intensity), these species
can be produced nearly uniformly within a reasonably large volume of water. The
combination of high densities of redox reactive species and their uniform production and
distribution in solution can provide ideal conditions for promoting homogeneous redox
reactions.
If the product of a reaction of a dissolved species with a radiolysis-generated
species has a significantly different solubility from that of the reactant, then a solid
product can be formed.

Rapid condensation can create homogeneously distributed

nucleation sites onto which the radiolysis-induced oxidation or reduction product can
continue to deposit and grow the particle size. Because a very large number of nucleation
sites are generated simultaneously and homogeneously, this process leads to the
formation of nanoparticles with a narrow, uniform size distribution. This principle has
been applied in making noble metal nanoparticles (of silver and gold) from dissolved
metal ions, taking advantage of the strong reducing power of •eaq– produced by radiolysis
[19-28].
More recently this process have applied to making transition metal oxide
nanoparticles from dissolved metal ions, taking advantage of either the strong reducing
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power of •eaq– or the strong oxidizing power of •OH, depending on the redox potential of
the initially dissolved metal species. -FeOOH have fabricated from Fe2+ [29], Co3O4
from Co2+ [30], and Cr2O3 from Cr2O72- [31]. This work has shown that water radiolysis
products are very effective in inducing redox reactions that convert dissolved transition
metal ions into less soluble species which then form metal oxide nanoparticles.
In the case of chromium, -radiolysis converts soluble CrVI (from dissolved
dichromate Cr2O72-) to less soluble CrIII oxide and hydroxide [31]:
Cr2O72-(aq)

Cr2O3/Cr(OH)3(s)

(6.2)

In the previous work the chromium oxide nanoparticle formation was invistaged as a
function of pH in deaerated or aerated solutions. That study found that no CrIII particles
are formed in aerated solutions this was due to the scavenging of •eaq– by dissolved O2.
This would be the case if the rate controlling process in the nanoparticle formation was
reduction of the CrVI ions by •eaq–. In deaerated solutions, the conversion of CrVI(aq) to
CrIII particles is not affected by the solution pH but the average particle size that is
formed increases with increase in [CrVI(aq)]0.
In this study the effects of three different radical scavengers, t-butanol, dissolved
O2, and N2O, on -radiation induced chromium oxide nanoparticle formation were
investigated. The intent was to confirm the role of •eaq– in the reaction kinetics. Tertiarybutanol is a well-known scavenger for the oxidizing radical OH (rate constant from ref.
[32]).
(CH3)3COH + •OH  •CH2(CH3)2COH + H2O
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k6.3 = 6  108 M-1s-1

(6.3)

On the other hand, both N2O and O2 are efficient scavengers for the reducing radical,
eaq (rate constants from ref. [33]):
N2O + •eaq + H2O  N2 + •OH + OH

k6.4 = 8.6  109 M-1s-1 (6.4)

O2 + •eaq  •O2–

k6.5 = 2.2  1010 M-1s-1 (6.5)

The products of the reactions of N2O and O2 with •eaq– are, however, different. The N2O
reaction with •eaq produces an oxidizing radical while the reaction with O2 produces
superoxide (O2-), a weaker reductant than •eaq but still a reductant. This work aimed at
understanding why creation of this weaker reductant prevented nanoparticle formation.

6.2

EXPERIMENTAL
Chromium solutions were prepared by dissolving high-purity potassium

dichromate, obtained from Sigma-Aldrich (purity  99%), in water purified using a
NANOpure Diamond UV ultrapure water system (resistivity of 18.2 Mcm). The tbutanol used in this work was obtained from Sigma-Aldrich (purity  99%). A 50%
N2O/50% Ar gas mixture purchased from Praxair (impurities 0.001%) was used to supply
N2O to the test solutions. The pH of the test solutions was adjusted to 6.0 using a NaOH
solution. The solutions containing N2O or O2 were prepared by purging with high purity
air (Praxair) or the N2O/Ar gas mixture for 1 h prior to testing. De-aerated test solutions
were prepared by purging with high purity Ar for 1 h. Using a syringe, 10 ml of the test
solution was transferred to a pre-sealed 20-ml vial. Before sealing the vial was purged
for 15 min with an appropriate gas (air, Ar or N2O/Ar). The test vials were irradiated in a
60

Co gamma cell (MDS Nordion) as described in a previous paper [34]. The gamma
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radiation source provided a uniform absorption dose rate of 4 kGyh-1 in the water
samples at the time of this study.
Following irradiation for the desired period of time, samples of the test solutions
were extracted with a syringe and a series of chemical analyses was performed. The
solutions were first analyzed for dissolved CrVI content using a UV-VIS spectrometer
(BioLogic Science Instruments). The concentration of CrVI(aq) was determined by
colorimetric analysis. Diphenylcarbazide (DPC) was added to a solution sample and this
reacted with CrVI(aq) to form a coloured complex that absorbs light at 540 nm [35]. A
calibration curve for CrVI(aq) over the concentration range of 0.01 to 1 mM was
generated. The molar extinction coefficient of 39032 M-1cm-1 obtained from our
calibration curve is comparable to the reported value for this complex of 34400
M-1cm-1[35]. This colorimetric method is referred to as the DPC method hereafter. The
concentration of CrIII dispersed in the solution samples was determined by first adding
sufficient potassium permanganate to the sample to fully oxidize all of the Cr III present to
CrVI(aq). Note that we use the term CrIII to refer to the combination of the CrIII species
that is incorporated in solid particles and any CrIII species that are in solution (as
hydroxides in equilibrium with condensed hydroxides on particle surfaces). The CrVI(aq)
concentration in the sample after this oxidation was then determined again using the DPC
method. The CrIII concentration in the test solution sample (combined particles and
dissolved species) was the difference between the CrVI(aq) concentrations determined
before and after the CrIII oxidation step.
The particles that were formed were analyzed by transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and Fourier transform
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infrared spectroscopy (FTIR).

For the XPS and FTIR analyses the particles were

collected by centrifuging the solution and then washed with distilled water to remove any
CrVI absorbed on the surface of the particles. A sample of the precipitate particles was
then placed on a glass plate and dried in air. Samples for TEM analysis were collected by
dipping a carbon-coated copper grid into the test solution and then drying the sample grid
in air. The FTIR spectroscopy was performed with a Bruker, Vertex 70v instrument
scanning the 400 to 4000 cm−1 range. The TEM images were obtained with a Philips
Electronics instrument with the electron microscope operated at 80 keV. The XPS spectra
were acquired on a KRATOS Axis Nova spectrometer using monochromatic Al K
radiation and operating at 210 W with a base pressure of 10-8 Pa. The analysis depth of
the XPS instrument for the chromium oxide is estimated to be 6-7 nm.

6.3

RESULTS

6.3.1

Effect of Scavengers on the Type, Shape and Size of Nanoparticles
The effect of the radical scavengers, t-butanol, N2O and dissolved O2, on

radiation-induced chromium oxide nanoparticle formation was investigated using
solutions initially containing 0.1 mM K2Cr2O7. Our previous study has shown that pH
has a negligible effect on the nanoparticle formation due to the highly soluble nature of
CrVI while highly insoluble nature of CrIII at most pHs. Thus, in the current study all tests
were performed with solutions initially at pH 6.0, near neutral but a more stable pH under
irradiation. The studied test solutions are listed in Table 6.1 and include: no scavengers
((1) deaerated only), solutions containing only one type of scavenger ((2) deaerated with
0.1 M t-butanol, (3) purged with N2O, and (4) aerated only), and solutions containing two
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different types of scavenger ((5) aerated with 0.1 M t-butanol). The concentration of
dissolved O2 in an air-saturated solution is ~ 0.25 mM at 25 oC [17]. The concentration of
N2O in the N2O/Ar (1:1 mixture) purged solution is estimated to be ~ 12.5 mM, half of
the solubility of N2O at 1 atm at 25 oC [36].

Table 6.1: Test solutions studied.
no
scavengers

one type of
scavenger

two types of
scavenger

ID

1
none

2
t-butanol

3
N2O

4
O2

5
O2 + t-butanol

Type of
solution

deaerated
only

deaerated &
0.1 M t-butanol

purged with
N2O/Ar

aerated
only

aerated &
0.1 M t-butanol

No detectable particles were formed after 5 h of irradiation for solutions purged
with N2O/Ar (solution 3) and aerated only (solution 4). The TEM images of the particles
formed after 5 h irradiation in the other scavenging environments are presented in
Figure 6.1. The TEM images show that the particles formed in the deaerated only
solutions all are very small and have a similar shape with sizes ranging 8 – 30 nm. The
particles formed in the two other solutions (with t-butanol or O2 + t-butanol) have bimodal size distributions, small particles with sizes ranging 10 – 30 nm and large circular
disk-shaped particles with sizes ranging 140 – 200 nm. The larger circular disk-shaped
particles appear to be agglomerations of the smaller particles in a micelle-like structure.
The ratio of the larger to smaller particle populations appears to be higher in the solutions
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with O2 + t-butanol than in the solutions with no scavenger or only t-butanol. The smaller
particles formed in the solutions with O2 + t-butanol also have smaller sizes and sharper
edges (more crystallites) than those formed in the solutions with t-butanol only. The
average size of the smaller particles formed in the presence of the scavengers is larger
than that observed in solutions with no scavengers.

(a)

100 nm

(b)

(c)
100 nm

100 nm

Figure 6.1: TEM images of chromium oxide nanoparticles formed by irradiation (5 h) of
a 0.1 mM K2Cr2O7 solution at pH 6.0 with different scavengers: (a) none, (b)
t-butanol, and (c) O2 + t-butanol.

The changes in particle morphology and size as a function of irradiation time
were explored. The TEM images of the nanoparticles formed in the solutions with
t-butanol after different irradiation times are shown in Figure 6.2. The larger disk-shaped
particles are present at times as early as 20 min. As irradiation time increases, these large
particles appear to lose particle elements and shrink slightly with some showing holes left
behind inside the micelle-like structure.
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(a)

(c)

(b)

100 nm

100 nm

100 nm

100 nm

Figure 6.2: TEM images of chromium oxide nanoparticles formed in deaerated 0.1 mM
K2Cr2O7 solutions with t-butanol added as a function of irradiation time: (a)
20 min, (b) 60 min, and (c) 300 min.

Figure 6.3 shows TEM images of the particles formed by irradiation of 0.1 mM
K2Cr2O7 solutions with t-butanol that were collected by centrifuge and then subjected to
different post-irradiation treatments: (1) as collected, (2) washed with distilled water
(washed particles), and (3) washed with distilled water and then heated at 400 oC for 5 h
in air. These particles are referred to hereafter as unwashed, washed and washed and
heated particles.These treatments explored in order to see how one can address the
‘contamination’ of the particles produced by the adsorption of CrVI on the surface of the
particles (see below). The unwashed particles have a similar bi-modal size distribution to
the washed particles; there are large particles with sizes ranging 140 – 200 nm and
smaller particles with sizes ranging 10 – 30 nm. While their sizes are similar, the
unwashed particles are rounder and the larger particles appear as darker TEM images and
do not reveal micelle-like structures. The washed and heated particles no longer include
large micelle-like particles and they are all in the range of 10 – 30 nm with sharp edges
and a defined crystal structure (cubic to hexagonal shape).
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(a)

(b)

(c)

100 nm

100 nm

100 nm

Figure 6.3: TEM images of (a) unwashed particles, (2) washed particles, and (3) washed
and heated particles (the color of the border line related to FTIR spectra
Figure 6.4)

The FTIR spectra of the particles formed from irradiation of a chromate solution
with t-butanol added and with the different post-radiation treatments are compared in
Figure 6.4a. The reference FTIR spectra of several chromium oxides/hydroxides are
shown in Figure 6.4b.

The reference spectra were obtained using standard powder

samples of Cr2O3 (purchased from Alfa Aesar), Cr(OH)3 (synthesized according to
Biesinger et al. [37]) and K2CrO4 (purchased from Sigma-Aldrich). The FTIR spectrum
of the washed and heated particles matches very well with the reference spectrum of
Cr2O3. On the other hand the spectra of the unwashed and washed particles closely
match the reference spectrum of Cr(OH)3. However, the spectra for the unwashed and
washed particles also include a peak in a range of 800 to 1000 cm-1 which is in the same
location as a group of peaks seen in the K2CrO4 spectrum. This may be indicative of
some CrVI contamination of predominantly CrIII particles, present even after washing.
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(a)
unwashed

washed

Washed and heated
0

1000

2000

3000

4000

-1

Wavenumber (cm )

(b)
K2Cr2O7 standard
Cr(OH)3 standard

Cr2O3 standard

0

1000

2000

3000

4000

-1

Wavenumber (cm )

Figure 6.4: FTIR spectra of (a) nanoparticles formed in chromate solutions with tbutanol followed by different post-radiolysis treatments: unwashed (black
line), washed (blue line), and washed and heated (red line), and (b) the
reference spectra of the Cr2O3, Cr(OH)3 and K2Cr2O7 powders.
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The presence of CrVI species adsorbed on the washed and unwashed particles was
confirmed by XPS. The high resolution Cr-2p bands of the XPS spectra of the washed
and the washed and heated particles are shown in Figure 6.5. Both the Cr-2p and O-1s
(not shown) XPS bands were deconvoluted to obtain the contributions of CrVI, Cr(OH)3
and Cr2O3 to the bands (see ref.[38] for the deconvolution analysis technique). The
deconvoluted peaks and the composite spectra are also compared with the actual spectra
obtained in Figure 6.5. The deconvolution analysis results show that for the washed
particles Cr(OH)3 contributes the most to the Cr-2p band intensity (88.4% Cr(OH)3, 9.8%
Cr2O3 and 1.8 % CrVI), while for the heated particles the contribution from Cr2O3 is the
largest (88.9%) while the contribution from CrVI remains at the same small level (2.3%).
These results show that heating removes the adsorbed water and further converts Cr(OH)3
to Cr2O3. This also demonstrates that the CrIII oxide particles are reasonably stable and
do not oxidize to CrVI, even during heating in air.
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2.1

Actual spectrum
Fitted spectrum
Cr(OH)3

1.8

Cr(VI)
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2.4
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1.5
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0.9
0.6
580

Intensity (103 counts)

(a)

576

20

Actual spectrum
Fitted Spectrum
Cr(OH)3
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Cr2O3
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(b)

Cr(VI)
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8
4
580

576

572

Binding energy (eV)
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(c)

Cr(VI)
Cr(OH)3

Precentage %

100

Cr2O3

80
60
40
20
0
washed

washed and heated
Sample

Figure 6.5: High resolution XPS Cr-2p bands of (a) washed particles and (b) washed and
heated particles, and (c) the contributions of CrVI, Cr(OH)3 and Cr2O3 to the
Cr-2p band intensity obtained by deconvolution. The individual contributions
to the composite bands are shown in (a) and (b).

6.3.2

Effect of Scavenger on CrVI(aq) to CrIII Particle Conversion

To determine the mechanism by which the radical scavengers influence the size of
the particles that grow, the kinetics of radiolytic conversion of CrVI to CrIII were
followed. The changes in [CrVI(aq)] and [CrIII] as a function of irradiation time observed
in solutions without any scavengers are first shown in Figure 6.6. The data are presented
in two different time scales to better illustrate the behaviour at short times. Three
different sets of data are shown to indicate the reproducibility of the concentration
measurements.
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Figure 6.6: Concentrations of CrVI(aq) (solid symbols) and CrIII (open symbols)
observed as a function of time during radiolysis of deaerated solutions
initially containing 0.1 mM K2Cr2O7. Three different sets of data show the
reproducibility of the results. Stages 1, 2 and 3 are indicated on the top.
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The concentrations show three kinetic stages with distinctly different time
dependences. During the first 5 minutes (Stage 1) the [CrVI(aq)] decreases at a linear rate
while [CrIII] increases at a much slower rate. As a result mass balance for Cr does not
appear to be conserved in Stage 1. We attribute the apparent mass imbalance to two
factors. First, adsorption of CrVI species onto the CrIII condensate nucleates will remove
some CrVI from solution and this will lower the apparent concentration of CrVI(aq) as
determined using our colorimetric technique (see discussion below on particle formation
kinetics). Secondly, some of the solid CrIII can precipitate on the test vial surfaces and
not remain suspended in solution. The analysis for CrIII is only able to quantify the CrIII
that is dispersed in the solution sample extracted from the test vial by syringe.
Incomplete mass balance does not alter the important trends seen in the concentrations of
both CrVI and CrIII, see further discussion in Section 6.4.
Stage 2 refers to the short transition period between Stages 1 and 3 and lasts for
only a few minutes. During this stage the concentration of CrVI(aq) decreases very
rapidly and the concentration of CrIII increases at a similar rate in the solutions without
any scavengers.

Stage 3 refers to the period that starts after [CrVI(aq)] becomes

negligible. The time to reach Stage 3 and the [CrIII] at the onset of Stage 3 depend on the
solution scavenger environment. In the solutions without any scavengers, Stage 2 is very
short and Stage 3 is reached in 10 min. In these solutions the [CrIII] remains nearly
constant in Stage 3 and is about 65% of [CrVI(aq)]0. This apparent loss of mass balance is
addressed below.
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Figures 6.7 and 6.8 show similar results obtained for solutions containing
scavengers. Figure 6.7 shows that the eaq scavengers, O2 and N2O, are very effective in
suppressing the reduction of CrVI(aq) to CrIII as no CrIII particles were observed, even
after 300 min of irradiation. Addition of the OH scavenger, t-butanol, has a negligible
effect on the reduction kinetics at short times (Stages I and II), or on the [Cr III] reached at
the onset of Stage 3. However, with t-butanol present the [CrIII], following a small
decrease, increases gradually in Stage 3 and reaches ~ 90% conversion of the initially
dissolved CrVI(aq) after 300 min. This is in sharp contrast to the results seen in a
deaerated solution alone, where there is a greater apparent loss of mass balance.
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Figure 6.7: Concentrations of CrVI(aq) (solid symbols) and CrIII (open symbols) observed
as a function of time during radiolysis of 0.1 mM K2Cr2O7 solutions
containing no scavenger (, ) and one scavenger: 0.1 M t-butanol (, );
O2 (♦) and N2O (). The two sets of graphs present the data on two different
time scales.

In Figure 6.8, the conversion kinetics observed in the solutions that produced the
particles shown in Figure 6.1 are compared. The [CrVI(aq)] decreases at a much slower
rate in solutions containing two scavengers (O2 + t-butanol) than in the deaerated
solutions. The rate of decrease is also faster than that seen in aerated solutions with no tbutanol (see Figure 6.7). These results arise because O2 suppresses the concentration of
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eaq and this slows down the reduction of CrVI(aq) to CrIII while t-butanol suppresses the
concentration of OH and this prevents oxidation of CrIII back to CrVI(aq). The net effect
of the two scavengers is a slower conversion of CrVI(aq) to CrIII at short times than that
which occurs in solutions with t-butanol only, but a faster conversion than that which
occurs in the solutions with only O2 present.
In solutions with O2 + t-butanol the rate of production of CrIII in Stage 1 is very
slow and there is a delay in the production of detectable amounts of Cr III. Following this
delay, [CrIII] quickly increases at a rate similar to that observed for deaerated solutions
with and without t-butanol, but it reaches a steady concentration (Stage 2) sooner in
solutions with O2 + t-butanol. In these solutions Stage 2, in which [CrVI(aq)] continues to
decrease and [CrIII] is at a low steady-state level, also lasts longer. In Stage 3 [CrIII] starts
to increase again at a nearly linear rate until it reaches ~85% of the initial [CrVI(aq)].
Although the rate of increase in [CrIII] is faster in solutions with O2 + t-butanol, the final
conversion yield is nearly the same as that observed in solutions with t-butanol only. In
solutions without any scavengers [CrIII] does not change in Stage 3 (see Figure 6.6).
In all tests there are some apparent mass imbalances. At all times, the total
concentration of CrVI and CrIII does not equal the initial concentration of CrVI. We do not
fully understand the reason for this behaviour. As noted above, there are two important
factors that could contribute to the behaviour, loss of CrVI(aq) to particle surfaces and loss
of CrIII particles to test vial surfaces. Another factor could be incomplete oxidation of
CrIII particles during the analysis process. The mass imbalance was the most serious in
deaerated only solutions which showed the highest CrIII yield in Stages 1 and 2 but no
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further growth in [CrIII] in Stage 3 (Figure 6.7), and which produced the smallest particles
but the largest number of these small particles (Figure 6.1).
We think co-precipitation of the oxides and hydroxides of chromium in mixed
oxidation states (CrVI/CrV/CrIV/CrIII) occurs in Stages 1 and 2, triggered by the rapid
reduction of the poly-oxygenated CrVI ion (Cr2O72-) to insoluble CrIII species [31]. The
faster the reduction, the smaller the precipitated particles, but more of these particles are
formed. The smaller the particles, the higher the fraction of CrVI (or Cr species in higher
oxidation states than CrIII) adsorbed on the individual particles. As discussed later, the
reduction of the adsorbed CrVI to CrIII occurs at a slower rate than the reduction in
solution phase. The reduction of adsorbed species thus occurs at later times. The less
redox active species such as the superoxide radical (•O2) and H2O2 become more
effective in inducing surface redox reactions than the very reactive species such as •eaq
and •OH. The latter species are more effective in inducing solution redox reactions. Thus,
if the solution environment does not promote the formation of •O2 at a higher
concentration, further reduction of CrVI does not occur in Stage III. In deaerated only
solutions the formation of •O2 is negligible and most of the CrVI reduction to CrIII is
induced by homogenous solution phase reactions, see further discussion in Section 6.4.
The CrVI-covered CrIII species will be difficult to oxidize by permanganate and may not
be detected by the DPC method. Despite the uncertainties associated with the absolute
values of the [CrVI(aq)] and [CrIII] the time dependent trends in those concentrations are
still valid.
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Figure 6.8: Concentrations of CrVI(aq) (solid symbols) and CrIII (open symbols) observed
as a function of time during radiolysis of 0.1 mM K2Cr2O7 solutions with
different scavengers: none (, ); 0.1 M t-butanol (, ); and O2 + 0.1 M
t-butanol (, ) . The two sets of graphs present the data on two different
time scales.

6.4

DISCUSSION
The kinetic results presented above show that the presence of a scavenger can

influence the yield and size of nanoparticles produced by irradiating a chromium
solution. Different scavengers influence the kinetics of particle formation differently and
this indicates that several different redox agents can participate in the particle formation
177

process. To explore this, it will consider the production of different oxidants and
reductants and the changes in their concentrations with time, and the hydrolysis and
phase equilibria of chromium species in an irradiated solution.

A mechanism for

radiation-induced chromium oxide particle formation that is consistent with the
observations is then proposed.
Gamma-radiolysis of water produces a number of primary radiolysis products as
shown in reaction (6.1). Under continuous irradiation these redox agents are continuously
produced. They can then accumulate and undergo aqueous phase chemical reactions with
each other and the water solvent species (H2O, H+, OH) to form secondary products such
as O2 and •O2. The concentrations of species in a system exposed to a continuous radiation flux typically reach steady state within minutes [18,33].
The radiolysis products can also react with redox active solute species present in
the solution. (The probability of solute species at a relatively low concentration (< 0.01
M) directly interacting with incident radiation is very small and can be neglected.) These
aqueous phase chemical reactions are typically much slower than the reactions leading to
formation of the primary radiolysis products. (The half-life of an aqueous reaction is
typically longer than a ms whereas a homogeneous distribution of primary radiolysis
products is achieved in less than a s [17,18].) However, solute reactions can have an
impact on the steady-state concentrations of the radiolysis products that arise. Studies on
steady-state radiolysis kinetics can be found in refs [39-41].
The radiolytic production of CrIII particles from dissolved CrVI involves many
competing oxidation and reduction reactions. The observed effects of different
scavengers on the kinetics of this process and the final size of Cr2O3 nanoparticles that
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are formed can provide information on the key reactions involved in different stages. A
reaction mechanism that is consistent with the observations is schematically presented in
Figure 6.9. This mechanism is similar to a mechanism proposed by Wren et al. to explain
the kinetics of CrIII oxide/hydroxide particle formation as a function of pH from
[CrVI(aq)]0 solutions with no scavengers [31]. The mechanism is further refined here to
accommodate the changes in reaction kinetics caused by the presence of selective radical
scavengers.
The formation of CrIII oxide/hydroxide nanoparticles from irradiation of dissolved
CrVI(aq) ions (Cr2O72-/CrO42-) occurs in three kinetic stages.
Stage I:

Radiolytic reduction of CrVI(aq) to CrIII(aq) species followed by
spontaneous condensation of Cr(OH)3. This provides nucleation sites
onto which CrVI and CrIII co-precipitate to form mixed CrVI/CrIII
oxide/hydroxide particles,

Stage II: Radiolytic redox reactions of CrVI(aq) and CrIII(aq) in solution reach
steady state and adsorption of CrVI continues, growing the mixed
CrVI/CrIII oxide/hydroxide particles,
Stage III: Heterogeneous redox reactions of CrVI and CrIII occur and the particles
slowly convert from a mixed CrVI/CrIII oxide/hydroxide to Cr(OH)3 and
then to Cr2O3.
The standard reduction potential for the conversion of Cr2O72- to Cr3+
(Eo(CrVI(aq)/CrIII(aq))) is 1.33 VSHE [42]. This high reduction potential indicates that the
reduction of CrVI(aq) to CrIII(aq) will occur very easily but its reverse process, oxidation
of CrIII(aq) to CrVI(aq), will not occur as easily. Thus, the chromium oxidation requires a
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very strong oxidant, such as •OH or H2O2. Dissolved oxygen (Eo(O2/H2O) = 1.229 VSHE)
is not a sufficiently strong oxidant to convert Cr3+ to Cr2O72-.
Water radiolysis produces •eaq which is a strong reducing agent that reacts very
rapidly with CrVI(aq):
CrVI(aq) + •eaq  {CrV, CrIV}  CrIII(aq)

k6.6 = 1.8  1010 M-1s-1 (6.6)

Since the solubility of CrIII species is very low and several orders of magnitude lower
than that of CrVI at nearly all pHs [43], once the concentration of CrIII(aq) reaches a
critical level, spontaneous condensation of CrIII(aq) to CrIII(s) occurs. For simplicity we
assume that the only CrIII species that need be considered is Cr(OH)3 (there may be other
CrIII hydroxides also in equilibrium in solution):
Cr3+ + 3 OH  Cr(OH)2+ + 2 OH  Co(OH)2 + OH  Cr(OH)3(aq)  etc.
Cr(OH)3(aq)  Cr(OH)3(s)
Net:

Cr3+(aq)  Cr(OH)3(s)

(6.7)

For simplicity chromium species with oxidation states in-between VI and III may be
formed [31] but they are not considered in the discussion (they are considered to exist as
transient species and will not be detected by post-irradiation analyses used in this study).
The condensed CrIII particles provide surfaces for the Cr2O72-(aq) to adsorb:
Cr2O72-(aq)  CrVI(ad)

(6.8)

The overall effect of reactions (6.6) to (6.8) is a faster decrease in [CrVI(aq)] than the rate
of increase in [CrIII] observed in Stage I in all solutions. The difference is caused by the
amount of CrVI(ad). The rate of decrease in [CrVI(aq)] in Stage 1 will depend mainly on
the concentration of •eaq. Hence, the presence of any radical scavenger which can
influence [•eaq] will also have an impact on the rate of decrease in [CrVI(aq)] in Stage 1.
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Water radiolysis also produces •OH and H2O2 and both of these species are
sufficiently strong oxidizers to convert CrIII(aq) back to CrVI(aq), e.g.,
CrIII(aq) + •OH  CrVI(aq)

k6.9= 3.8  108 M-1s-1

(6.9)

Since the radical/ion reactions (6.6) and (6.9) are fast, the concentrations of CrVI(aq) and
CrIII(aq) soon reach pseudo steady state and the ratio of their concentrations can be
approximated by:
[CrIII (aq)]

≈
[CrVI (aq)]

𝑘6.6 [•e𝑎𝑞 − ]

(6.10)

𝑘6.9 [•OH]

The pseudo steady state is reached in Stage 2 and the concentration of CrIII in Stage 2 is
determined by the steady-state concentrations of •eaq and •OH. The presence of an •OH
scavenger (t-butanol) will then increase the CrIII to CrVI(aq) ratio while the presence of an
•eaq scavenger (O2) will decrease the ratio. The conversion yield achieved in Stage 2 is
high (~ 70%) in the absence of any scavengers (Figure 6.6) and hence the effect of an
•OH scavenger (t-butanol) in deaerated solutions is small (Figure 6.7). As expect,
addition of dissolved oxygen (a good •eaq scavenger) is effective in suppressing the
production of CrIII. In a system with mixed scavengers (O2 + t-butanol) the competition
for •eaq and •OH slows the production of CrIII.
The mixed CrVI/CrIII oxides/hydroxides continue to grow in Stage 2 until most of
the initial CrVI(aq) has been oxidized and/or adsorbed onto particles. The subsequent
increase in [CrIII] observed in Stage 3 is due to the reduction of adsorbed CrVI to CrIII and
incorporation in the solid particle phase. The heterogeneous reaction and solid state
conversion is slow, in part because it requires diffusion of reactants in solution to the
particle surface. Redox active species such as •O2 and H2O2 become more important
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contributors to long-term kinetics because these secondary radiolysis products can
accumulate to higher concentrations at longer times [34]:
CrVI(ad) + •O2  CrIII(s) + O2

(6.11)

CrIII(s) + H2O2  CrIV(ad) + 2 OH

(6.12)

The radiolytic formation of •O2 in aerated solutions promotes the solid state conversion
of CrVI to CrIII (reaction 6.11) in Stage 3. This can explain the faster rate of increase in
[CrIII] in Stage 3 in solutions with (O2 + t-butanol) compared to the rate in solutions with
t-butanol only. Note that scavenging of •OH by t-butanol also increases [•O2] because
the reaction of •O2 with •OH is suppressed:
•O2 + •OH  O2 + OH

(6.13)

Thus, in the solutions with t-butanol only [CrIII] increases in Stage 3 at a slower rate than
that which occurs in solutions with O2 and t-butanol.
The kinetics observed in different scavenging environments are consistent with
the sizes and morphologies of the final particles formed. When the homogeneous CrVI to
CrIII conversion in solution (reaction 6.6) is very fast, such that most of the conversion
occurs in Stages 1 and 2, a large number of mixed CrVI/CrIII oxides/hydroxides (or CrVIadsorbed CrIII particles) will be formed very quickly. The overall concentration of CrVI in
the mixed oxide will be small, and the final CrIII particles won’t be large. This is what we
observed in deaerated water (Figure 6.1).
The addition of t-butanol (in both aerated or deaerated water) increases the size of
CrIII particles. This is consistent with the increase in [CrIII] seen in Stage 3. The presence
of bigger micelle-like particles in these solutions is attributed to the agglomeration of the
mixed CrVI/CrIII oxides/hydroxides which may be more effective with a higher CrVI
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concentration in the mixed oxide. As the reduction of CrVI to CrIII continues in Stage 3,
the CrIII oxide/hydroxide becomes more crystalline Cr2O3. The Cr2O3 has a higher surface
hydration energy than Cr(OH)3 and less affinity to dissolved CrVI ions, and the micellelike agglomerates lose CrIII particles.
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= CrVI/CrIII oxide/hydroxide particles

Cr2O3(s)

= Cr(OH)3(s)

Stage 3

= Cr2O3(s)
Figure 6.9: Schematic of a mechanism for radiation-induced chromium oxide nanoparticle formation
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The proposed mechanism can also explain the observed effect of the scavengers on the
composition and the size and morphology of the final CrIII particles. The final size of
Cr2O3 is determined by the ratio of the rates of net reduction of CrVI to CrIII in solution
(Stages 1 and 2) versus on particle surface (Stage 3). The reduction rate in solution is
determined by the ratio of steady-state concentrations of •eaq and •OH while the
reduction on particle surface is determined by the concentration of •O2. Dissolved
oxygen scavenge •eaq but converts it to •O2. In the presence of •OH at a high
concentration •O2 cannot accumulate to any substantial level. However, in the presence
of t-butanol, an •OH scavenger, •O2 can accumulate a sufficiently high concentration.
Thus, our study suggests that a combination of concentrations of dissolved oxygen and tbutanol, as well as the initial concentration of [CrVI(aq)] may be used to control the size
of the Cr2O3 particles.

6.5

CONCLUSIONS
A mechanism for radiation-induced formation of Cr2O3 nanoparticles is proposed

that is consistent with the observed effects of radical scavengers on the kinetics of
reduction of CrVI(aq). The radiation-induced formation of Cr2O3 nanoparticles occurs in
three stages. Stage 1 involves radiolytic reduction of CrVI(aq) to CrIII(aq) species in the
solution phase, followed by spontaneous condensation of Cr(OH)3 particles.

This

provides sites onto which CrVI and CrIII co-precipitate and form mixed CrVI/CrIII
oxide/hydroxide particles. In Stage 2, radiolytic interconversion of CrVI(aq) and CrIII(aq)
in solution reach steady state while the adsorption of CrVI on particles continues, growing
mixed CrVI/CrIII oxide/hydroxide particles. In Stage 3 solid-state conversion of CrVI and
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CrIII in the particles, slowly converting the oxide from a mixed CrVI/CrIII oxide/hydroxide
to Cr(OH)3 and then to Cr2O3. This study shows how appropriate adjustment of solution
conditions and radical scavenger concentrations can be used to produce Cr2O3
nanoparticles with tailored sizes.

6.6
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Chapter 7
Summary and Future Work
7.1

SUMMARY
This thesis examined radiation-induced colloid formation. The study showed that

radiolysis of dilute cobalt and chromium solutions can produce highly uniform,
nanometer-sized particles.

The process for particle formation can involve either

oxidation or reduction driven by water radiolysis products.

The particle formation

mechanism depends on the different solubilities of the particular metal oxide/hydroxides
and the redox potentials of the metal ions. In both metal systems, the nanoscale particles
that are formed have uniform and narrow size distributions.

By understanding the

physical and chemical factors controlling particle formation there is a potential to tailor a
practical method of synthesizing nanoparticles.
Nanometer sized Co3O4 particles were synthesized by the –irradiation of aerated
CoSO4 solutions at a dose rate of 5.5 kGyh-1. At pH 6.0, no particles could be made and
there was no oxidation of CoII to CoIII. At pH 10.6, the CoII is converted to CoIII with the
reaction reaching completion after about 150 min of irradiation and particles were
formed. Analysis showed the presence of two types of particles having very different
sizes: larger particles of ~ 200 nm in width and having a thin hexagonal shape, and
smaller spherical particles with sizes 8–20 nm. With an increase in irradiation time, the
larger particles convert into smaller particles. These smaller spherical particles were
determined to be Co3O4 using Raman spectroscopy and XPS.
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The XPS results analysis showed that the fraction of Co(OH)2 in a particle
decreases with irradiation time while the fraction of Co3O4 increases. The fraction of the
particle that is an intermediate species, CoOOH, initially increases with time, reaches a
maximum at ~50 min, and then decreases.

The particles collected from solutions

irradiated for long times (> 300 min) contain only Co3O4. These results show that the
particles evolve and become more fully oxidized with irradiation time.
A mechanism was proposed for the radiation-induced Co3O4 nanoparticle
formation. The homogeneous radiolytic oxidation of dissolved CoII is slow due to the
higher oxidation potential for CoII. However, some Co(OH)2 formed by hydrolysis of
dissolved CoII can spontaneously condense with some Co(OH)3 formed by the
homogeneous oxidation to provide nucleation sites for the nanoparticle growth. This
condensation cannot occur at pHs where the solubility of Co(OH)2 is high. Hence no
particle formation was seen in solutions with pH 6.0. At pH 10.6 the solubility of
Co(OH)2 is much lower and the co-condensation can occur. Exposure of the cobalt
solution to –irradiation leads to the production of redox active water radiolysis products
and particularly OH and H2O2. The heterogeneous oxidation of the CoII adsorbed on the
nucleates by these species can oxidize the Co(OH)2 to form CoOOH. The formation of
CoOOH stabilizes the particle nuclei since CoOOH is nearly insoluble at pH 10.6. At
longer times the CoOOH then reacts with Co(OH)2 to form Co3O4 in a process that is
coupled with the reduction and oxidation of H2O2 (Fenton-like reaction).
The Co3O4 nanoparticle formation from -irradiation of CoSO4 solution was also
investigated in the presence of radical scavengers, t-butanol, nitrous oxide and dissolved
oxygen. The concentrations of CoII and CoIII species in the system and the chemical
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composition and sizes of particles that were formed were measured as a function of
irradiation time. The size of the particles formed depends on the scavenging environment
and follows the following order: 8–20 nm in the aerated only solutions, 10–30 nm in the
aerated with 0.1 mM t-butanol solutions and 60–80 nm in the N2O/Ar purged solutions.
A mechanism for the radiation-induced particle formation was proposed that is
consistent with the observed effects of the scavengers on the kinetics of oxidation of Co II
and the sizes of the Co3O4 nanoparticles that are formed. The cobalt oxidation occurs in
three stages: Stage 1 involves the oxidation of Co2+(aq) to Co3+(aq) in solution followed
by spontaneous condensation of CoIICoIII(OH)x nucleation particles; in Stage 2 the CoII
species continues to adsorb onto the condensation nuclei as Co(OH)2 and oxidize to
CoOOH(s); and Stage 3 involves the solid-state conversion of Co(OH)2(s) and
CoOOH(s) to form Co3O4(s) particles. A radical scavenger in solution can affect the
kinetics of particle formation and growth depending on the water radical that it removes.
The different particle sizes observed in different scavenging envrionments are
attributed to different rates of oxidation of Co(OH)2(s) to CoOOH(s). The final size of
Co3O4 nanoparticles formed is larger in N2O/Ar purged solutions than in aerated only
solutions. The size of the nanoparticles in the aerated solutions with 0.1 M t-butanol
added is in-between.

This study shows how steady-state water radiolysis kinetics,

hydrolysis and phase equilibria of cobalt ions and oxide species are linked. It also shows
how appropriate adjustment of solution conditions and radical scavenger concentrations
can be used to produce Co3O4 nanoparticles with tailored sizes.
Nanoscale chromium (III) oxide particles were synthesized by –radiolysis of
deaerated CrVI solutions (CrO42- or Cr2O72-) at pHs 6.0, 8.5 and 10.6. The reduction of
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soluble CrVI to insoluble Cr(OH)3 by the hydrated electron (•eaq), a powerful reducing
agent, leads to the particle formation. The rate of CrVI to CrIII reduction was determined
using the diphenyl carbazide method to measure the concentrations of those species in
solution as a function of irradiation time.

Two stages are clearly observed in the

reduction process. In Stage 1 there is a fast linear decrease in the CrVI concentration with
time. This is associated with a corresponding linear increase in the concentration of CrIII
with time. In Stage 2 (after ~30 min) most of the CrVI has been converted to CrIII and the
system trends towards steady state.
The FTIR spectra of the particles formed match the reference spectrum of
Cr(OH)3.

The particle chemistry could be altered by post-formation treatment by

washing and heating. Data obtained by XPS show that washed particles contain a high
fraction of Cr(OH)3 (72.9%) and less Cr2O3 (18.5%). However heating of these particles
removes adsorbed water from the particles and converts the Cr(OH)3 to Cr2O3 (98.6%)
The average size of the particles produced were nearly independent of the solution pH.
The mechanism for the radiation–induced formation of Cr2O3 particle occurs in
two stages.

Stage 1 involves the homogeneous aqueous reduction of CrVI to CrIII by

•eaq. Growth of the particles occurs slowly during this phase by agglomeration of
Cr(OH)3 that is governed by the Brownian motion. In Stage 2, most of the initial CrVI has
been converted to Cr(OH)3 and this continues to condense onto the particle nuclei. As the
Cr(OH)3 particles grow, the interior of the particle dehydrates to form Cr2O3 while the
outer layer remains hydrated. The dehydration rate is very slow since Cr(OH)3 is a
relatively stable phase. In Stage 2, the redox reactions on the particle surface reach an
equilibrium with both CrIII oxidation by •OH and H2O2 and CrVI reduction by •eaq and
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H2O2 occuring. The particle size distribution is determined by the steady-state redox
conditions at the water-solid interface.
The synthesis of Cr2O3 nanoparticles by gamma irradiation of CrO42- solutions
was also investigated in presence of radical scavengers, t-butanol, nitrous oxide and
dissolved oxygen. As for the chromium system, a mechanism was proposed that is
consistent with the observed effects of scavengers on the kinetics of reduction of Cr VI in
solution to solid CrIII and the final sizes of Cr2O3 nanoparticles that are formed. The
chromium reduction occurs in three stages. Stage 1 involves homogeneous aqueous
reduction of CrVI(aq) to CrIII(aq) followed by spontaneous condensation of Cr(OH)3,
providing nucleation sites onto which CrVI and CrIII co-precipitate and form mixed
CrVI/CrIII oxide/hydroxide particles. In Stage 2 the aqueous reduction of CrVI(aq) and
CrIII(aq) reaches steady state but the adsorption of CrVI continues, growing the mixed
CrVI/CrIII oxide/hydroxide particles. Stage 3 involves the solid-state conversion of CrVI
and CrIII and the particles slowly convert from mixed CrVI/CrIII oxide/hydroxide to
Cr(OH)3 and then to Cr2O3. The nature of the radical scavenger in solution affects the
kinetics of particle formation and growth in different stages differently.

7.2

FUTURE WORK
This research has demonstrated that -irradiation of cobalt and chromium

solutions under the appropriate conditions can be used to form nano-scale particles. The
work has laid the groundwork for understanding how this process occurs and how it can
be controlled by choices of solution pH, cover gas, metal ion concentration and radical
scavenger additives. However, the nanoparticle formation studies were limited to only
194

two transition metals, chromium and cobalt, considered separately. A more interesting
target for future work would be a study of the synthesis of mixed metals oxide
nanoparticles. Mixed oxides, such as CoCr2O4 and FeCr2O4, are found naturally as
products of the corrosion of industrial alloys. The radiolytic formation of such mixed
metal, insoluble oxide particles is a particular concern of water-cooled nuclear reactors.
In addition, studies of more complex systems can lead to more general understanding of
the colloid formation in transition metal systems.
There are growing applications for the use of nano-scale particles that are tailored
for size and chemical composition.

Radiation-induced particle formation is a new

process that offers an improved route to such particle formation.

Exploring and

exploiting this process requires more information and understanding on how other
transition metals and mixtures of metals can be combined and treated to yield particles of
value and utility.
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